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Abstract
Multispectral infrared (IR) detection has been widely employed for numerous
applications including hyperspectral imaging, IR spectroscopy, and target identification.
Traditional multispectral detection technology is based on the combination of broadband
focal plane arrays (FPA) and spectral filters, grating spectrometers, or Fourier transform
spectrometers, which requires bulky, high-cost mechanical scanning instruments and
have a slow response. Hybrid structures integrating FPA and silicon readout integrated
circuits (Si ROIC) greatly limit the yield and result in extremely expensive devices.
Single photodetectors capable of detecting multiple wavebands simultaneously and
monolithic integration with Si ROIC, however, enable dramatically simplified system
design with superior mechanical robustness, and thus attract a lot of interest around the
world today.
In this thesis, we focus on the development of novel IR sensitive material and resonant-
cavity-enhanced (RCE) photodetector devices that address the emerging need in the field
of IR radiation detection. Polycrystalline PbTe films have been identified as the IR
absorbing layers due to their high photosensitivity and fabrication flexibility; on the
device side, we have established a universal design theory for multispectral detection and
demonstrated fully functional mid-IR RCE photodetectors capable of monolithic
integration with Si ROIC.
We have developed room-temperature-sensitized, polycrystalline PbTe films using single
source thermal evaporation for detecting IR light up to 5 pm in wavelength. Thinner
PbTe layers yields enhanced performance than thicker layers due to strong thickness
dependence of both photo-responsivity and detectivity. Structural, electrical, and optical
property studies reveal photoconductivity mechanism in the films and point out directions
of further material optimization.
We have established a versatile and scalable design theory for cavity-enhanced
multispectral photodetectors using phase-tuned propagation. Critical coupling condition
is identified as the prerequisite to achieve near unity quantum efficiency in RCE
photodetectors. Coupling-matching layers are positioned between cascaded planar
resonant cavities for controlling optical phase and coupling strength between incident
light and resonant modes to obtain critical coupling condition. After developing another
two IR transparent layers as low and high index materials, evaporated As 2 S3 and
sputtered Ge, we design and fabricate distributed Bragg reflectors (DBR) for mid-IR
resonant cavities. In our design example of dual waveband RCE photodetectors, peak
quantum efficiencies over 80% have been realized in both wavebands (1.55 pm and 3.6
pm) with only 50 nm and 100 nm thick PbTe IR absorbers, and spectral cross talk as low
as 0.1% is obtained. Preliminary results on our first attempt of fabricated dual waveband
RCE photodetectors demonstrate the two resonant cavity modes at 1.61 pm and 3.70 pm.
And quantum efficiencies as high as 92% and 68% have been achieved in two wavebands
respectively.
We have developed and optimized a multi-step lift-off patterning technique to fabricate
RCE photodetectors on a Si platform. Single waveband RCE photodetectors for mid-IR
(3.5 pm) have been designed according to critical coupling condition to achieve near
unity quantum efficiency. The fabricated devices show high quantum efficiency (90%)
and peak responsivity at the resonant wavelength of 3.5 pm, which is 13.4 times higher
than blanket PbTe film of the same thickness. We demonstrate detectivity as high as
0.72x0 cmHzmW~l, comparable with commercial polycrystalline mid-IR
photodetectors. As low temperature processing (150 'C) is accomplished in the entire
fabrication process, this demonstration paves the way for monolithic integration of RCE
photodetectors with Si ROIC.
Lastly, for the first time, we fabricate and test integrated devices of single waveband (3.6
pm) RCE photodetectors and Si ROIC. Both hybrid and monolithic integration structures
are investigated. We have developed the fabrication process to accommodate Si ROIC
chips of only 3 mm x 5 mm in area, and successfully integrated RCE photodetectors on
Si ROIC directly. Our preliminary results show high promise for monolithic integration
of RCE photodetectors and Si ROIC in the future.
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Chapter 1. Introduction
1.1. Infrared radiation detection: challenges and opportunities
Detection of infrared (IR) radiation is now of special interest to many technical
applications which rely on this part of the electromagnetic spectrum. Optical
telecommunication most often utilizes 1310 nm or 1550 nm wavelengths due to the
optimized performance of silica fibers in these two windows. High-performance, CMOS-
compatible germanium photodiodes, which cover both telecommunication bands, have
been successfully demonstrated. Besides telecommunications, in longer wavelength
range of 3-12 pm, infrared detection finds more applications in night vision,
chemical/biological sensing, spectroscopy, medical imaging, fire-fighting, industrial
product quality control, etc.
Many materials and physical phenomena have been utilized for infrared detection. From
the development history of IR detectors, a simple theorem, after Norton2 , can be put as:
"All physical phenomena in the range of about 0.1-1 eV can be proposed for IR
detectors". The effects that have been used for IR detection include3 : interband
absorption (intrinsic photodetectors), impurity absorption (extrinsic photodetectors),
intersubband absorption (Quantum Well Infrared Photodetectors, i.e. QWIPs),
thermoelectric power (thermocouples), change in electrical conductivity (bolometers),
thermal expansion (MEMS detectors using bimorph beams), gas expansion (Golay cell),
photon drag, Josephson effect (Josephson junctions, SQUIDs), internal emission (Pt-Si
Schottky barriers), different type of phase transitions, etc.
Most of the aforementioned detector technologies may be categorized into two types:
photodetectors (or photon detectors) and thermal detectors. In a photodetector, incident
photons generate extra electrical carriers --- electrons or holes (or both), which results an
electrical output in the form of voltage (photovoltage) or current (photocurrent).
Photodiodes and photoconductors that make use of intrinsic, extrinsic or intersubband
electronic transitions as well as Schottky photodiodes belong to this category. By
engineering the detector material and processing techniques, photodetectors can achieve
high responsivity and low leakage current. A significant advantage of photodetectors is
that they can operate at very high bandwidth even on the order of several hundreds of
GHz 4 . However, photodetectors are generally more expensive due to complicated
materials growth process and they also require cryogenic cooling for long-IR (8-12 pm)
detection to suppress noise.
In a thermal detector, absorption of infrared photons leads to Joule heating of the active
material. The resulting temperature change causes physical property modifications such
as electrical resistance or refractive index change that can be measured. Typical thermal
detectors include bolometers, most MEMS detectors and pyroelectric detectors.
Compared to photodetectors, thermal detectors are usually less expensive5 . Some thermal
detectors are capable of room temperature operation, which significantly reduces the
operation cost. The main drawback of thermal detectors lies in their low responsivity and
slow response, whose bandwidth typically ranges from a few tenths to several hundreds
of Hz.
For almost all types of IR detectors (especially for photodetectors) that work in mid-IR
(3-5 pm) or long-IR (8-12 pm) range, a problem yet to be resolved is noise reduction.
The energy of mid-IR or long-IR photons is small (<0.2 eV), which becomes comparable
with the thermal energy of electrons at room temperature (-0.026 eV). Thermal
excitation of carriers results in a significant dark current and hence large dark noise.
Therefore most long-IR detectors (with exceptions of some thermal detectors 6, which still
have limitations such as small bandwidth and complicated fabrication) require cryogenic
cooling down to liquid nitrogen or even liquid helium temperature in order to suppress
dark noise. Thus the development of low-cost, uncooled or non-cryogenically cooled
mid-IR and long-IR detectors has been a focus of intensive research efforts.
Given the features of high performance, high speed, and compatibility with current Si
CMOS technology, photodetectors are chosen as the topic in this thesis. Most
photodetectors can be classified into two categories: photodiode (or alternatively called
photovoltaic detector) and photoconductor. A photodiode utilizes the photovoltaic effect
of semiconductor p-n junction or semiconductor-metal Schottky junction to generate
photo-carriers, which are then collected by electrical readout. In principle a photodiode
does not need external power or bias to operate, although a photodiode is often reversely
biased to increase the photo-carrier collection efficiency. In contrast to a photodiode, a
photoconductor (usually made of semiconductor that has appropriate band gap energy)
has to be biased with a fixed voltage or current and the current flow through the
photoconductor is monitored. When there is incident light, photo-generated electron-hole
pairs contribute to electrical conduction and result in a current or voltage change, i.e.
photocurrent or photovoltage, which serves as the electrical output signal.
IR photodetectors are developed during the 20th century, and have evolved through
several generations. The first generation, linear arrays of photoconductive detectors, has
been produced in large quantities and is in widespread use today. The second generation,
two-dimensional arrays of photovoltaic detectors, is now in high-rate production. Third
generation IR photodetectors, which is defined by Rogalski7 to include more innovative
device structures such as two-color detectors and hyperspectral arrays, are now in
development and demonstration period.
The capability of multicolor detection is highly desirable for advanced IR systems. A lot
of applications could benefit from this unique characteristic, such as multi-chemical
detection, temperature determination, multispectral imaging, spectroscopy, and so on.
Figure 1.1 illustrates two examples of these applications. In Figure 1.1 (a), under the
same excitation, different chemicals have different characteristic light emission
wavelengths, thus a photodetector with multiple waveband detection capability could be
employed to identify a specific type of chemical or even several different chemicals at the
same time.
Black-body spectnm
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Figure 1.1 Illustration of applications with multicolor detection technology in (a) chemical sensing, and (b)
temperature determination (adapted from reference 8).
Another application is temperature determination as shown in Figure 1.1 (b)8. By
acquisition data in separate IR wavelength bands, absolute temperature of the targets in
the scene can be identified. In real applications, the photodetector is pointed toward the
target which is at a temperature T and at first can be treated as a blackbody described by
Plank's law:
2hv2
r(2) = (1 1)
,? exp[(hv /kT)-1]
where r(W) is the radiance per unit wavelength as a function of wavelength , v is the
radiation frequency, and h and k are Plank constant and Boltzmann constant. Radiance
spectra of blackbodies of different temperatures are calculated and shown in Figure 1.1
(b).
In the case of two waveband detection as illustrated in Figure 1.1 (b), two measurements
are performed to collect electrical signals at two separate wavelength bands centered at
A and 4 respectively (AA and AA2 ). The ratio of the two detected signals can be
derived as9:
R exp hc 1 1  (1.2)( (-2 5 ,A1 -U 1 )
where el 2, 1, and a2 are constants related to the instrument, and c is the speed of
light in vacuum. And the signal ratio can be written as:
R = C, exp ( C2 (1.3)
T
where C, and C2 are constants related with the instrument and two detected wavebands.
Taking logarithm for both sides of Equation 1.3:
In R = In C, + 2 (1.4)
T
and finally T can be solved as:
T- [ (1.5)
InlR-InC, ~n R+ln(e2 /e1 )+51n( 2 /A)+1n(IAA/ / aAA)
If the emissivity of the target does not very from A to A , then the two waveband
detection technique suggests that the temperature of the target becomes independent of its
emissivity and this technique is thus inherently self-calibrated. This can be extremely
beneficial for missile detection where there exists a large temperature difference between
the surface of the missile and the missile's exhaust plume.
Traditionally, multispectral detection capability has been realized by several approaches,
including spatial registration, i.e. color filter array 0 ' 1 , temporal registration (mechanical
1213 914,15filter wheel), tandem structure , and quantum well IR photodetectors (QWIPs)9'
The first two methods require cumbersome spatial alignment and temporal registration,
thus complicate the photodetector and silicon readout integrated circuits (Si ROIC)
design and raise the issue of system reliability. Thus a single photodetector with
multispectral capabilities that circumvent these problems is highly desirable because it
can significantly simplify the design and reduce the size, weight and power consumption.
In a tandem detector, the top detector serves as a pass band filter for the bottom detector.
The problem associated with this design is that only certain spectral bands are accessible
due to limited material choices. Despite their high leakage current, QWIPs are capable of
multispectral detection by varying applied bias. However, the time multiplexing involved
prohibits simultaneous detection of different wavelength within a single pixel16 . QWIPs
based on III-IV alloys also suffer from low quantum efficiency (< 10%) due to the
intrinsic low IR absorption coefficient and polarization sensitivity, thus have limited
device optimization strategy". HgCdTe and InSb photodiodes could also offer
multispectral capability in the near-IR (1-3 pm), mid-IR (3-5 pm) and long-IR (8-12
pm) atmospheric transparency windows9 . Recently, three-color HgCdTe (mercury
cadmium telluride, MCT) photodiodes have been demonstrated, but their spectral cross
talk is still large (> 10%)18. The challenge with these crystalline alloys is the difficult and
expensive material and device fabrication technology for large-area detector arrays,
which require tight material and mechanical specifications and extensive molecular beam
epitaxy (MBE) expertise and proofing.
Figure 1.2 Hybrid IR FPA with signal detector array and Si ROIC: (a) indium bump technique; (b)
loophole technique9 .
Furthermore, as shown in Figure 1.2, hybrid structures are commonly adopted for the
integration of IR photodetector arrays and Si ROIC to form IR focal plane arrays
(FPAs)9 . Even though IR photodetector array and Si ROIC could be optimized
independently, these two parts have to be integrated by using either indium bumps
(indium bump technique) or glue (loophole technique). Due to the backside illumination,
photons will have to pass through the photodetector array substrate. In HgCdTe hybrid
FPAs, transparent CdZnTe substrate is usually chosen. However, because of thermal
mismatch between the photodetector array and Si ROIC, the maximum chip size is
greatly limited (on the order of 20 mm square). To solve this problem, technology based
25
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on alternative substrates such as sapphire or silicon for HgCdTe layer epitaxy has been
developed. But when using these opaque materials, substrates must be thinned to below
10 pm to obtain sufficient quantum efficiencies and minimize cross talk. The challenges
arising from material epitaxy and flip-chip bonded hybrid structure lead to unacceptable
low yield (- 5%) and extremely high price ($ 200,000 per IR FPA) for IR FPAs1 .
This thesis addresses the above problems of high cost and limited intelligence capabilities
of current multispectral infrared technologies. Three major challenges are identified and
targeted: (1) expensive and complicated fabrication process due to single crystalline
materials grown by MBE/MOCVD system, and hybrid architecture for IR photodetector
array and Si ROIC integration; (2) heavy and cumbersome operation due to cryogenic
cooling to suppress noise in mid-IR; (3) lack of TRUE multispectral detection
methodology, i.e. multiple IR wavebands detected by single photodetector at the same
time. To solve the first challenge, a monolithic integration approach have been proposed
and demonstrated. Figure 1.3 shows the integrated architecture schematically.
Polycrystalline and amorphous materials are investigated and developed to detect IR
radiation. Without lattice match constraint, materials can be deposited onto Si ROIC
directly and photodetectors can be fabricated by standard photolithography. Less
expensive deposition techniques like thermal/e-beam evaporation and sputtering can be
used to deposit multiple materials, giving more flexibility in choosing materials and
designing photodetectors. For the second challenge, since most types of noise including
generation-recombination noise, shot noise, and Johnson noise scale with the IR
absorbing material's volume, the small IR absorber thickness will help to reduce detector
noise and increase signal-to-noise ratio. In order to maintain high quantum efficiency or
responsivity at the same time, Figure 1.4 shows a schematic resonant-cavity-enhanced
(RCE) photodetector design, which could trap light of specific wavelength in the IR
absorbing layer to enhance absorption. This strategy will greatly relieve the requirement
of cryogenic cooling (-77 K) and enable thermoelectric cooling (TEC), which can be
more easily integrated with photodetectors and Si ROIC. For the third challenge, a novel
design theory of RCE multispectral photodetectors has been developed and demonstrated
both theoretically and experimentally, which can be generalized to detect virtually any
arbitrary number of wavelengths in a single photodetector.
hv
connectorion
Figure 1.3 Schematic illustration of integrated architecture with photodetectors fabricated onto Si ROIC
monolithically.
.......   .... .
Top Mirror
.......... Cavity
Bottom Mirror
Si substrate
Figure 1.4 Resonant-cavity-enhanced (RCE) photodetector design employed to trap light of specific
wavelength in the thin IR absorbing layer (blue color) to maintain high quantum efficiency.
1.2. Outline of the thesis
Chapter 2 discusses the basic structural, electrical, and optical properties of
polycrystalline PbTe films for IR light detection up to 5 pm in wavelength. We begin
with discussion on how we choose appropriate polycrystalline materials for this
wavelength range. Polycrystalline PbTe film is identified as promising mid-IR absorbing
layer given its simple deposition technique (single source thermal evaporation) and
preliminary results on photoconductivity. Microstructure study confirms the films are
stoichiometric single-phase polycrystalline with (200) texture. Electrical properties of the
films are analyzed in the framework of a grain boundary channel conduction model.
Index of refraction and extinction coefficient of PbTe film are extracted from infrared
spectroscopic ellipsometry measurement in the wavelength range of 2-8 pm, yielding an
optical band gap of 0.386 eV and evidence for the presence of an Urbach band tail. The
optical band gap is larger than the typical value for bulk material due to quantum
confinement effect. The electrical and optical property studies are important and
necessary to understand the mechanism of photoconductivity in polycrystalline PbTe
films and photodetector design, which will be discussed in more detail in chapter 3 and
chapter 4 afterwards.
Chapter 3 demonstrates the feasibility of using thin polycrystalline PbTe film as IR
absorbing layer in order to enhance signal-to-noise ratio. Photoconductivity experiment
demonstrates the strong dependence of responsivity and detectivity on film thickness, and
film as thin as 100 nm can be used as IR absorbing layer in the wavelength range of
0.8-5 pm. Microstructure evolution is revealed when films of different thicknesses
(0.1-1 pm) are compared. We discuss the photoconductivity mechanism and demonstrate
long-term stability in polycrystalline PbTe films. Direct relationship is constructed for
responsivity with material properties, device dimensions, and external bias current. All
possible noises in polycrystalline PbTe photoconductors are evaluated and compared with
experimental results. Johnson noise is identified as dominant intrinsic noise in PbTe
photoconductors and a model predicting Johnson-noise-limited detectivity is developed.
Chapter 4 discusses a novel design of cavity-enhanced multispectral photodetectors using
phase-tuned propagation. We begin with design and fabrication of mid-IR distributed
Bragg reflectors (DBR), or mirror stacks used for cavity structures. Based on individual
layer's optical properties, quarter wavelength stack of thermally evaporated As 2S3 and
sputtered Ge films is designed, fabricated, and tested. We demonstrate photonic band gap
between 3 pm and 5 pm and reflectance higher than 99% in the range of 3.5-3.8 pm for
DBR designed to reflect 3.6 pm light. Then we theoretically analyze the novel design of
resonant-cavity-enhanced (RCE) photodetectors capable of sensing multiple wavelengths
simultaneously in a single photodetector. In our design example, peak quantum
efficiencies over 80% have been realized in both wavebands (1.55 pm and 3.6 pm) with
only 50 nm and 100 nm thick PbTe IR absorbers, and spectral cross talk as low as 0.1% is
obtained. The design is based on phase-tuned propagation of resonant modes in cascaded
planar resonant cavities, and due to its versatility and scalability, this concept can be
generalized to detect virtually any arbitrary number of wavelengths. Preliminary results
on our first attempt of fabricated dual waveband RCE photodetectors demonstrate the two
resonant cavity modes at 1.61 pm and 3.70 pm. And quantum efficiencies as high as 92%
and 68% have been achieved in two wavebands respectively.
Chapter 5 presents the design, fabrication, and test of single waveband RCE
photodetectors on a silicon platform for mid-IR (3.5 pm). Single waveband RCE
photodetectors can serve as building blocks for multiple waveband RCE photodetectors,
so this step is essential for the development of multispectral photodetectors. We
demonstrate high quantum efficiency (90%) and enhanced peak responsivity at the
resonant wavelength of 3.5 pm, which is 13.4 times higher compared to blanket PbTe
film of the same thickness. Detectivity as high as 0.72x10 9 cmHz 112W' has been
obtained, comparable with commercial polycrystalline mid-IR photodetectors. As low
temperature processing (150 *C) is implemented in the entire fabrication process, this
demonstration shows promise for monolithic integration of RCE photodetectors with Si
readout integrated circuits (Si ROIC).
Chapter 6 presents the preliminary results on our first attempt in fabricating single
waveband (3.6 pm) RCE photodetectors integrated with Si ROIC. Both hybrid and
monolithic integration strategies are evaluated. We have developed the fabrication
process enabling monolithic integration of RCE photodetectors on Si ROIC chips with
the area of only 3 mm x 5 mm. The devices are characterized by photoconductivity
measurements. Under monochromatic light illumination, no output voltage has been
observed due to low bias current and limited cooling restricted by Si ROIC. Under
broadband light source illumination, a linear relationship between the output voltage from
Si ROIC and the bias current is obtained as expected, which shows high promise for
monolithic integration of RCE photodetectors and Si ROIC in the future.
Chapter 7 summarizes major results and achievements of this thesis, and presents the
directions of future work.
Chapter 2. Polycrystalline lead telluride (PbTe) films29
The wavelength range of our interest includes near-IR (1-3 pm) and mid-IR (3-5 pm).
Identifying and developing appropriate photoactive material for the range of 1-5 pm
become the key challenges which should be solved with the first priority. Figure 2.1
shows various photodetector materials in the spectral range of 1-14 pm which are mostly
studied or commercially available7. As discussed before, HgCdTe alloys lack monolithic
integration capability with Si ROIC, and thus are out of consideration. III-V compounds
and alloys such as InAs and InSb are mostly grown by metalorganic chemical vapor
deposition (MOCVD) and therefore have the same issue. Then the only two candidates
left in Figure 2.1 are PbTe and PbSe, both of which belong to the so-called lead salts or
lead chalcogenides (the third one is PbS). Highly sensitive mid-IR PbSe photodetectors
have been demonstrated through annealing as-deposited polycrystalline films in an
oxidizing atmosphere . However, this annealing process has to be done at high
temperatures which is beyond the thermal budget of Si ROIC. Thus the only candidate
left is PbTe.
2.1. Band structure of PbTe
PbTe is polar semiconductor in which the bonding to a large extent is due to the
electrostatic forces between the ions forming the crystal. This ionic character is reflected
by the fact that PbTe has the sodium chloride or rock salt structure. Its space lattice is
face-centered cubic, with a basis of one Pb ion and one Te ion associated with each
lattice point. People have extensively investigated the band structure of PbTe both
experimentally and theoretically. The first Brillouin zone of PbTe is shown in Figure 2.2
(a) and the band structure is shown in Figure 2.2 (b)23.
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Figure 2.1 Absorption coefficients of various photodetector materials in the spectral range of 1-14 pm 7.
In the first Brillouin zone, the eight equivalent L points are each at the center of a
hexagonal Brillouin zone face, at its intersection with a [111] direction. The six
equivalent X points are each at the center of a square zone face at its intersection with a
[001] direction. The F point is at the zone center. The experimental results indicate that
the surfaces of constant energy for both the conduction and valence bands are prolate
ellipsoids of revolution. The centers of the ellipsoids are at L points and the major exes
are in [111] directions. Thus there are eight equivalent constant energy ellipsoids for the
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conduction band states and eight for the valence band states. The portions of two such
ellipsoids lying inside the first zone are shown in Figure 2.2 (a).
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Figure 2.2 (a) First Brillouin zone of PbTe: the symmetry points F, L, and X are shown, as are two
ellipsoids of constant energy (after Dalven23). (b) Band structure of PbTe: the minimum energy gap Eg is
direct at L: 6 -+ . The higher energy transition E3 is also shown (adapted from the results of Lin and
Kleinman24).
Figure 2.2 (b) shows the energy E of an electron as a function of wave vector k for two
directions in k space. The right-hand side shows E as a function of k in [001] direction
from the zone center (F). The left-hand side shows E as a function of k in [111] direction
from the F point. The symbols (e.g., I ) denote symmetry properties of the bands. An
energy scale has been added with an arbitrary zero. The valence band maximum and the
conduction band minimum both occur at the L point, which results in a direct minimum
energy gap Eg. Experimental evidence for the fact that Eg is direct is the observation of
laser emission at the gap energy from PbTe p-n junction lasers.
The experimental values of Eg are plotted as a function of temperature in Figure 2.325,26
The data exhibit the well-known and unusual positive temperature coefficient (dEg/dT) of
the direct energy gap Eg. The variation of Eg between 80 K and 373 K is linear and the
slope (dEg/dT) calculated is 4.5x10 4 eV/K. The energy gap of PbTe at 300 K is 0.31 eV
corresponding to a cut-off wavelength of 4 pm. Thus in order to obtain a cut-off
wavelength at 5 p m, PbTe should be cooled down to 162 K (-111 C). Commercial multi-
stage thermoelectric cooler (TEC) is available which could cool the materials down to -
100 C corresponding to a cut-off wavelength of 4.9 pm2.
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Figure 2.3 Temperature dependence of the direct energy gap Eg of PbTe. The straight dotted line is for
guidance to show the linear dependence.
Another attractive character of PbTe is the formation of Pb1 .xSnxTe alloy with narrower
direct band gap. From phase diagram shown in Figure 2.4, PbTe and SnTe can be alloyed
to form complete solid solution continuously over the entire composition range at
28relatively low alloying temperature . Figure 2.5 shows the energy gap of single crystal
Pb1 .xSnxTe as a function of x, the mole fraction of SnTe, at 12 K and 77 K respectively 29.
The band gap energy of the alloy decreases gradually with increasing SnTe component,
thus through alloying with SnTe, the light absorption and photo-detection spectrum of
PbTe can be extended to longer wavelength, e.g. long-IR (8-12 pm). Figure 2.6 is the
responsivity spectrum of single crystal Pbi-xSnxTe photoconductors, demonstrating
photoconductivity covering both mid-IR and long-IR (3-12 pm) at 77 K'O
7801 1 I 1 1
0 0.2 0.4 0.6 0.8
PbTe
1.0
SnTe
28Figure 2.4 Temperature-composition phase diagram of the pseudobinary Pb1 -,SnTe system.
Figure 2.5 Energy band gap of single crystal Pbi1 ,SnxTe as a function of x, the mole fraction of SnTe, at 12
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Figure 2.6 Responsivity of single crystal Pbl-,Sn,,Te photoconductors3o.
2.2. Structural properties
Different deposition techniques have been employed for PbTe film deposition, including
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flash evaporation' 3  and a hot-wall technique. We use single source thermal
evaporation to deposit PbTe films. Commercial bulk PbTe of 99.999% purity is
pulverized and used as the source material for thermal evaporation. Optically polished
CaF2 discs, pre-cleaned glass microscope slides, and oxide coated Si wafers (4" Si wafers
with 400 nm thermal oxide) are used as starting substrates. The thermal evaporation runs
are carried out at a base pressure of 5x10-7 Torr. The substrates are held at room
temperature throughout the depositions. The film thickness and the deposition rate are
monitored in situ through a pre-calibrated quartz crystal oscillator. The deposition rate is
maintained at 5-7 A/s.
Thickness of the films is measured by a surface profilometer and the measurement gives
a film thickness of 950 nm ± 4% across an entire 4" substrate. A JEOL JXA-733
superprobe equipped with WDS attachment is employed for film composition analysis,
and it shows an atomic ratio of Pb to Te close to unity within the error of WDS
measurement (- 1%), indicating that the films are nearly stoichiometric. An XRD
spectrum of PbTe film deposited on a glass slide is shown in Figure 2.7. As expected, the
film contains a single face-centered-cubic (FCC) crystalline phase with a rock salt
structure. The diffraction peak intensities in the measured spectrum differ from those
quoted from the standard PDF card34, indicating (200) texture in the film deposited on an
amorphous glass substrate. Films on other substrates show a similar preferred orientation.
The texture structure suggests that (200) is the preferred film growth orientation due to its
low surface energy. This is consistent with the result of co-evaporated PbTe thin films on
glass substrates reported by Khairnar et al, which showed that (200) diffraction peak
intensity varied with film thickness and substrate temperature during deposition3 .
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Figure 2.7 XRD spectrum of thermally evaporated PbTe film on a glass substrate: the film is
polycrystalline single FCC phase with (200) texture. Standard XRD data of PbTe powder sample from Ref
34 is also shown at the bottom for comparison.
Figure 2.8 shows the surface morphology of PbTe films on (a) a glass slide substrate and
(b) a 400 nm SiO2 coated Si substrate obtained by AFM. Both films show similar surface
features: they have a grain size in the range of 50 to 100 nm and root mean square (RMS)
surface roughness of 14 to 16 nm. The microstructural and morphological similarity
between PbTe films deposited on different substrates is not coincidental and is indicative
of the polycrystalline nature of PbTe films. From a device integration perspective, this
roughness value has a negligible effect on the performance of photonic crystal cavities
operating in mid-IR wavelengths according to Maskaly et al36,37.
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Figure 2.8 AFM surface height images of thermally evaporated PbTe films on (a) a soda-lime glass
substrate, and (b) a Si substrate coated with 400 nm thermal oxide.
2.3. Electrical properties
Tin (Sn) electrodes are evaporated onto PbTe films through shadow mask and used as
metal contacts for electrical conductivity and Hall measurements. In the conductivity
measurement, current-voltage (I-V) curves are recorded using a digital deep level
transient spectroscopy (DLTS) system at temperatures from 80 K to 340 K. Voltage is
applied through a pair of metal probes and the current flowing through the two metal
contacts is monitored. We observe linear I-V characteristics in the whole temperature
range, confirming ohmic nature of the contacts. Conductance at different temperatures is
extracted by least squares linear fit of I-V curves, and error of the measurement is
estimated to be smaller than 1 pS. Hall measurement is performed at room temperature
using the van der Pauw configuration in a magnetic field of 1 T.
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Figure 2.9 DC electrical conductivity of thermally evaporated PbTe film: (a) conductivity data on a
logarithm scale plotted as a function of temperature; lack of linear dependence in the plot suggests that
electrical conduction in PbTe is not dominated by the percolation process; (b) conductivity data plotted as a
function of inverse temperature showing thermal activation nature of conduction at high temperature (> 200
K) and a weaker temperature dependence at lower temperatures. The black dots are experimental data, and
the red solid line is linear curve fit of the data at high temperature (> 200 K).
The PbTe film shows p-type conduction and carrier mobility of 53 cm 2/Vs from Hall
measurement. The measured carrier concentration is 2.1 x 1017 cm-3 at room temperature.
To elucidate the conduction mechanism in thermally evaporated PbTe films, temperature
dependence of film DC electrical conductivity is measured and the result is plotted in
Figure 2.9. Qualitatively, our result gives a DC conductivity temperature dependence
similar to that of In-doped PbTe films reported by Dashevsky and Komissarova3 8 : the
conductivity exhibits thermally activated behavior in the high temperature range and
relatively weak temperature dependence at low temperatures, suggesting different
regimes where distinct conduction mechanisms are dominant.
Several models have been previously proposed for electrical conductivity in PbTe and
other chalcogenide films at different temperatures. Gudaev et al. proposed a percolation
model to explain the temperature dependence of electrical conductivity in polycrystalline
chalcogenide films, which suggest that DC conductivity obeys the inverse Arrhenius law:
-oc exp(T/ , (2.1)
where T' is a constant determined by the percolation parameters39 . However, such an
inverse Arrhenius temperature dependence is not observed in our films, as is shown in
Figure 2.9 (a).
Alternatively, conduction channels on the surface of crystal grains have been suggested
to be the main electronic transport path in polycrystalline lead chalcogenide films". In
the framework of this theory, adsorbed oxygen or lattice defects lead to formation of
acceptor states in grain boundaries. These acceptor states induce band bending on the
surface of crystalline grains, and thus p-type conduction channels are formed on the grain
surfaces. A schematic of the band diagram on near a grain boundary is shown in Figure
2.10. According to this model, DC electrical conductivity is thermally activated and can
be described by an activation energy Ea = (EF - Ev) - Es, where (EF - Ev) is the energy
separation between valence band edge and Fermi level in crystalline PbTe grains and Es
corresponds to the band bending. Figure 2.9 (b) shows the conductivity plotted as a
function of inverse temperature, and in the high temperature range (approximately > 200
K) the temperature dependence of conductivity can be well fitted with a single activation
energy value of 0.144 eV. This model also agrees with our observation of p-type
conduction in the films. However, since the exact carrier concentration and hence Fermi
level in the grains are unknown, we cannot infer the value of band bending from the
activation energy Ea.
Grain boundary
Grain 1 Grain 2
Electjrons
EF- -- -- -- -- -- -- -
Ea
EE
E 00
p-type channel
Figure 2.10 Schematic energy band diagram near a grain boundary, and the relevant energy points are: Ec
conduction band edge; E, valence band edge; EF Fermi level; Es bend banding on the surface of a grain;
and Ea activation energy of electrical conduction according to the grain boundary conduction channel
model.
In the low temperature range (< 200 K) we can see clear deviation from the thermal
activation model with weaker temperature dependence. Based on impedance
spectroscopy measurement results, Komissarova et al. inferred that tunneling transport
through grain boundary barriers dictates the electrical properties of In-doped
polycrystalline PbTe films at low temperature3. Alternatively, hopping conduction
between localized states in the mobility gap also exhibit weak temperature dependence
characterized by the famous T-"x law, where x is a constant greater than one depending
on the system dimensionality and the form of density of states function near Fermi level41 .
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Hopping conduction has been identified to be a major electronic transport mechanism in
42
many chalcogenide materials, especially amorphous glasses . In order for hopping
transport to occur, two conditions need to be met: (1) Fermi level should locate within the
mobility gap; and (2) there should be non-vanishing density of states near Fermi level.
Lattice defects in grains or near grain boundaries often lead to localized states in the
mobility gap, possibly contributing to hopping conduction. The position of Fermi level in
the films with respect to mobility edges, however, is a question for further investigation.
More experimental efforts will be necessary to confirm the low temperature conduction
mechanism in the films.
2.4. Optical properties
PbTe films evaporated on CaF2 are used for optical property measurements given the IR
transparency of CaF2. A Cary 5E UV-Vis-NIR dual beam spectrophotometer and a
Nicolet Magna 860 Fourier transform infrared spectrometer (FTIR) are used to record the
transmittance spectra in the wavelength ranges of 0.4-3.0 pm and 3.0-13 pm
respectively. Refractive index and extinction coefficient of the PbTe films are extracted
by fitting the amplitude ratio upon reflection, the phase shift, and transmission intensity
data, all measured on a variable angle infrared spectroscopic ellipsometer (IR-VASE of J.
A. Woollam Co.) from 2 pm to 8 pm wavelength.
The transmittance spectrum of the PbTe film on CaF2 disc is shown in Figure 2.11. The
fringes of the curves are due to the interference effect at certain wavelength, and the
distance between the fringes is dependent on both the refractive index and the thickness
of the films 43 . From Figure 2.11, one observes transmittance peak value around 3.3 Pm is
much lower than the value around 4.8 pm, indicating the absorption edge is around this
wavelength range.
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Figure 2.11 Transmittance spectrum of PbTe film on CaF 2 disc.
Figure 2.12 shows the measured refractive index and extinction coefficient of PbTe films
at 2-8 pm wavelengths. Absorption coefficient a can be calculated from extinction
coefficient using the following relation:
a 4k (2.2)
A%
where k is the extinction coefficient and A is the wavelength, and is plotted in Figure
2.13. Optical absorption due to electronic transition across the band gap in a direct gap
semiconductor obeys:
a= (hv - Eg (2.3)
where ao is a constant determined by the joint density of states in the parabolic bands,
h v denotes incident photon energy, and E, is the optical band gap energy44'45.
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Figure 2.12 Refractive index and extinction coefficient of PbTe film measured
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by infrared ellipsometry.
Fitting of our experimental data using the formula (shown in Figure 2.13 inset) yields an
optical band gap of 0.386 eV. In addition to optical transitions across the band gap, sub-
band gap absorption is identified from 0.2 eV to 0.4 eV where the absorption coefficient
spans almost four orders of magnitude. This sub-band gap absorption is absent in single
47
crystalline PbTe bulks and films, and is attributed to Urbach band tail resulting from
defect states in polycrystalline materials. Optical absorption by Urbach band tail can be
described by the formula:
a ~ ex-
hv
E,
(2.4)
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Figure 2.13 Absorption coefficient a of PbTe film as a function of photon energy. The inset shows a2
plotted against photon energy for determination of optical band gap energy Eg.
The energy E, is a measure of structural disorder in the material, and the typical values
of E, in disordered semiconductors range between 0.05 eV and 0.08 eV 46. Ee is fitted
from the curve slope in Figure 2.13 to be 0.056 eV, indicating disorder-like behavior of
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the PbTe films. Given the nanocrystalline nature of the films, we infer that structural
defects in the grain boundaries account for the Urbach band tail.
It is worth pointing out that the fitted optical band gap energy in our nanocrystalline PbTe
31films is much larger than the bulk value of 0.31 eV due to quantum confinement effect
As is shown in Figure 2.8, typical grain size of the film is in the range of 50-100 nm,
much smaller than the exciton Bohr radius of 152 nm in PbTe. Therefore, the PbTe nano-
crystallites in our films can lead to strong three dimensional quantum confinement effect,
which may account for the optical band gap energy increase 47. The quantum confinement
effect in polycrystalline PbTe films has also been observed by Lawson et a14 8, who
reported increasing blue shift of photoconductivity onset as average grain size of PbTe
films decreases.
2.5. Summary
Identifying and developing proper photoactive material for the range of our interest (1-5
pm) are the key problems we need to solve at the very beginning. After investigating
possible photodetector material candidates, we choose PbTe due to its mid-IR cut-off
wavelength, unusual positive temperature coefficient (dEg/dT) of the direct gap energy,
and ease of material deposition and processing. In this chapter, we present a systematic
study on the structural, electrical, and optical properties of thermally evaporated PbTe
films. As-deposited films are stoichiometric, single FCC phase polycrystals and generally
exhibit (200) texture on different substrates including amorphous glasses. The films
feature grain size in the range of 50-100 nm and surface roughness of 14-16 nm. We
experimentally verify thermally activated behavior of p-type DC electrical conductivity
in the films at temperatures higher than 200 K, and such temperature dependence is
explained by the grain boundary channel conduction model. At reduced temperature the
electrical conductivity exhibits weaker temperature dependence possibly due to hopping
or tunneling transport. Refractive index and extinction coefficient of the films are
measured at infrared wavelengths, and the optical band gap energy is determined to be
0.386 eV using a direct transition model, larger than the bulk value reported in single-
crystalline PbTe. Such a band gap increase is pertinent to the nanocrystalline nature of
the films and is a consequence of the ensuing quantum confinement effect. We also
observe sub-band gap absorption due to an Urbach band tail, indicating the presence of
defect states possibly arising from disordered regions in grain boundaries.
Chapter 3. Photoconductivity in polycrystalline PbTe films 4 9-s2
Photoconductivity is an optical and electrical phenomenon in which a material becomes
more electrically conductive due to the absorption of electro-magnetic radiation such as
visible light, ultraviolet light, infrared light, or gamma radiation. In our case, we choose
polycrystalline PbTe film as IR light absorber due to its narrow direct band gap and thus
large absorption coefficient. Since we propose to use thin photoactive layer to enhance
signal-to-noise ratio besides cooling, three critical questions will be addressed in this
chapter. (1) When film thickness is decreased, will it have any kind of influence on
material properties? (2) Does the thermally evaporated polycrystalline PbTe film really
show photo-response in mid-IR range? (3) Can we use thin PbTe film to enhance signal-
to-noise ratio? Varying the film thickness, we perform a systematic study on
polycrystalline PbTe film properties including microstructure, electrical properties,
optical properties, and photoconductivity. Study and discussion on the photoconductivity
mechanism in polycrystalline PbTe films will be presented afterwards in order to make
further improvement with PbTe photoconductor's performance in the future.
3.1. Thickness dependence of polycrystalline PbTe film properties
PbTe films with five different thicknesses ranging from 100 nm to 1000 nm are prepared
using single-source thermal evaporation from stoichiometric PbTe bulks as described in
chapter 2. All films are deposited under the same conditions by carefully repeating the
same procedure except the stopping time for different thicknesses. Optically polished
CaF2 discs and oxide coated Si wafers (6" Si wafers with 3 pm oxide) are used as starting
substrates. The thermal evaporation runs are carried out at a base pressure lower than 5 x
10-7 Torr. The substrates are held on a rotating substrate holder kept at room temperature
throughout the depositions (8 rpm). Film deposition rate is monitored in real-time
through a quartz crystal sensor and is maintained at 8-10 A/s. The thermal evaporation
technique allows deposition of films with high uniformity across an entire large-area
substrate, with improved throughput and much lower cost compared to MBE. Thickness
of the films is measured using a KLA Tencor P-16 surface profilometer, and we confirm
excellent thickness uniformity across an entire substrate with thickness variations < 3%.
In order to maintain the same deposition condition and get rid of possible contamination
due to the used boat for thermal evaporation, we use brand new tantalum (Ta) boat for
each deposition.
3.1.1. Microstructure evolution
Film phase composition and structure are evaluated using XRD. Grain size and surface
roughness of the films are measured using AFM. Cross-sectional images are taken using
a JEOL 200CX General Purpose TEM.
XRD spectra in Figure 3.1 (a) confirm PbTe films of all the thickness are polycrystalline
and contain a single face-centered-cubic (FCC) crystalline phase with a rock salt
structure. Detailed peak-by-peak analysis indicates all the films have a lattice parameter
of 6.459 ± 0.001 A, which is consistent with the value of 6.454 A in the standard PDF
card. However, the diffraction peak intensities in the measured spectra differ vastly from
those quoted from the standard PDF card in Figure 3.1 (a), indicating strong (200) texture
in the films deposited on an amorphous substrate. The degree of texture can be studied
quantitatively by the peak intensity ratio between (200) peak and (220) peak as shown in
Figure 3.1 (b). Compared with the peak intensity ratio of randomly oriented
polycrystalline PbTe, i.e. 1.45, our films show strong (200) texture and the degree of
texture increases prominently with decreasing film thickness. For the 100 nm thick film,
this ratio is more than two orders of magnitude higher than randomly oriented standard
sample. Notably, this degree of texture is almost 50 times stronger compared to PbTe
films deposited on soda-lime glass substrates in our previous study in chapter 220
The evolution of texture as a function of film thickness and substrate type can be
explained based on a two-step nucleation and growth model shown in Figure 3.2. Figure
3.2 (a) illustrates the kinetics of early stage nucleation and film growth which are
primarily determined by interface energy between PbTe and SiO2/Si substrate. In this
stage, (200) becomes the preferred film growth direction due to the lower interface
energy between (200) planes and the substrate, and thus strong (200) texture is expected.
In thick films shown in Figure 3.2 (b), the growth of (200) grains creates new nucleation
sites in the grain boundary regions, where nucleation of grains with random orientation
occurs. As a consequence, the degree of texture decreases in thick films.
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Figure 3.1 (a) XRD spectra of thermally evaporated PbTe films on oxide-coated Si substrates: the film is
polycrystalline single FCC phase with strong (200) texture. Standard XRD data from Powder Diffraction
File (PDF) card of # 03-065-0137 is also shown at the bottom for comparison. (b) Thickness dependence of
peak intensity ratio, i.e. 1(200)/1(220), showing the degree of texture increases sharply with decreasing film
thickness. This ratio for standard randomly oriented PbTe sample of PDF card # 03-065-0137 is 1.45.
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Figure 3.2 Schematic illustration of two-step nucleation and growth model for polycrystalline PbTe films
on SiO2/Si substrate. (a) Initial nucleation and growth of PbTe grains on SiO2/Si substrate. The arrows are
pointing to [200] direction in PbTe. (b) Film growth stage. New grains with more random orientations are
nucleate and grow on nucleation sites created in step (a).
The two-step growth model is further verified by AFM surface morphology studies. As
shown in Figures 3.3 (a)-(e), the average grain size monotonically increases with
increasing film thickness from 100 nm to 1000 nm. Indicated by arrows in Figure 3.3 (d),
nonequiaxial grains evolve in thick films, consistent with our hypothesis of two-stage
nucleation and growth model. Figure 3.3 (f) plots the thickness dependence of average
grain size and RMS surface roughness. As film thickness decreases, average grain size
decreases from 50 nm for 500 nm thick film to 25 nm for 100 nm thick film,
accompanied by an RMS surface roughness decrease. As we will discuss in more detail
later, the fine grain structure of the films is ideal for enhanced oxygen diffusion and low-
temperature sensitization process. Cross-sectional TEM image in Figure 3.4 shows the
columnar structure of a 500 nm thick film. The through thickness grain boundaries are
clearly seen as indicated by the arrows, serving as diffusion "short-cuts" for oxygen
incorporation.
gm0 '''''0.2 a4 as 0s
06-
08-
gm 0
0-m
pm 0
0-
0.2
aS-
as-
0.2 a4 0.6 0.8
02 0.4 0.6 .8 pm 0 0.2 Q4 06
Figure 3.3 AFM surface morphology images of thermally evaporated PbTe films show the nanocrystalline
structure: (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 500 nm, and (e) 1000 nm. Arrows in (d) indicate
randomly oriented grains. (f) Thickness dependence of surface roughness and average grain size. Both
surface roughness and average grain size decrease rapidly with decreasing film thickness.
0.2 0.4 0.6 0.8
E 12
10
4
8
0
(A
0
60
50N30
40 N
20 4)
0
CV
30
10 0)
(I)
0
0 U
/ 2
2
- 0 200 400 600 800 1000
-0 200 400 600 800 1000
Thickness (nm)
Figure 3.3 (Continued) AFM surface morphology images of thermally evaporated PbTe films show the
nanocrystalline structure: (a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 500 nm, and (e) 1000 nim. Arrows in (d)
indicate randomly oriented grains. (f) Thickness dependence of surface roughness and average grain size.
Both surface roughness and average grain size decrease rapidly with decreasing film thickness.
Figure 3.4 Cross-sectional TEM image shows the columnar structure of a 500 nm thick film. The through
thickness grain boundaries are indicated by the white arrows.
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3.1.2. Quantum efficiency
One key parameter determining the photoconductive signal is the quantum efficiency
(QE). Quantum efficiency in this work is defined as the ratio of the number of photon
generated excess electron-hole pairs over the number of incident photons. Due to the fact
that PbTe is direct band gap semiconductor, we have made the assumption that all
absorbed photons contribute to generating electron-hole pairs. Thus quantum efficiency
equals to the absorbance value and could be measured by optical experiments. Due to
strong interference effect in PbTe films observed in Figure 2.11, both transmittance and
reflectance values need to be measured in order to calculate quantum efficiency.
PbTe films evaporated on CaF2 are used for optical property measurements given the IR
transparency of CaF2. Transmittance and reflectance spectra are measured using a Cary
5E UV-Vis-NIR dual-beam spectrophotometer and Thermo Nicolet 6700 Fourier
Transform Infrared Spectrometer (FTIR). Figures 3.5 (a) and 3.5 (b) show the measured
results for PbTe films of thicknesses from 100 nm to 1000 nm. Strong interference effect
can be observed in both transmittance and reflectance spectra, suggesting from only
transmittance or reflectance value it is not possible to calculate or predict how much
incident light gets absorbed by the films and thus the quantum efficiency.
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Figure 3.5 (a) Transmittance and (b) reflectance spectra for polycrystalline PbTe films of thicknesses from
100 nm to 1000 nm. Strong interference effect is observed in both results.
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Based on results in Figure 3.5, quantum efficiency as a function of wavelength can be
calculated by:
QE(A) =100%-T(A)-R(A) (3.1)
where QE(k), T(X), and R(X) denote the quantum efficiency, transmittance, and
reflectance respectively, and they are all functions of wavelength X. This result is shown
in Figure 3.6 for all studied thicknesses. In shorter wavelength range (X<1.2 pm), the
absorption coefficient of PbTe is high enough for the films to absorb more than half of
the incident light. Light not being absorbed is mostly reflected. In longer wavelength
range (>1.2 pm), film thickness plays an important role in determining the interference
patterns and the quantum efficiency at certain wavelength.
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Figure 3.6 Quantum efficiency as a function of wavelength for polycrystalline PbTe films of different
thicknesses (100-1000 nm). Strong interference effect is observed.
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3.1.3. Carrier concentration and Hall mobility
Tin electrodes are deposited through a shadow mask by e-beam evaporation and are used
as contacts for Hall experiments and electrical measurements. We observe linear I-V
characteristics at temperatures from 80 K to 340 K, confirming the ohmic nature of
electrical contact. Hall experiments are performed using a van der Pauw technique at a
magnetic field of 4000 G.
Thinner PbTe film features finer microstructure as concluded from the results in Figure
3.1 and Figure 3.3. Thus one may expect distinct electrical properties in thinner film
compared to thicker film, such as resistivity, carrier concentration, and Hall mobility.
However, in this part we will show that our polycrystalline PbTe films of all thicknesses
have similar electrical properties and no thickness dependence of these material
properties has been observed.
From Hall measurements, we confirm that all films of different thicknesses are p-type
after exposure to air at room temperature. Data measured over a period of four months
indicate that the carrier concentration remains stable at an average value of (1.2 ± 0.3) x
10-11 cm-3, and Hall mobility reaches an average value of (81 ± 13) cm2V s . We also
study the stability of films exposed to oxygen in an ambient atmosphere. As is shown in
Figure 3.7, no thickness or time dependence of either carrier concentration or Hall
mobility has been observed for our films. Further, we note that the carrier concentration
of (1.2 ± 0.3) x 10-1 cm-3 is among the lowest values reported in PbTe films at room
temperature (the calculated intrinsic value is 0.8 x 10~16 cm-3 ). As we will show in the
next section, such low carrier concentration contributes to improved infrared
photoconductivity of our films.
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Figure 3.7 (a) Carrier concentration and (b) Hall mobility vs. PbTe film thickness taken at room
temperature at three different time intervals after deposition using a van der Pauw technique. No thickness
or time dependence of either carrier concentration or Hall mobility has been observed. The carrier
concentration has an average value of 1.2 x 1017 cm 3 and a standard deviation of 0.3 x 1017 cm 3. Hall
mobility has an average value of 81 cm 2V~1s~1 and a standard deviation of 13 cm2V~1s-1. (1.2 ± 0.3) x 10
cm~3 is among the lowest reported carrier concentrations at room temperature for PbTe.
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Hall experiment is also performed at different temperatures from 213 K to 300 K in order
to separate two components' contribution in film resistivity, i.e. carrier concentration and
mobility. The former could help locate the Fermi level in the band structure, and the latter
could facilitate understanding the scattering process in electrical conduction. All the films
in the studied temperature range are p-type, and films of all thicknesses yield similar
results and key parameters are summarized in Table 3.1. Figure 3.8 shows typical
temperature dependence of carrier concentration and Hall mobility of a 200 nm thick film.
Figure 3.8 (a) suggests thermally activated process exists in the polycrystalline PbTe
films and the activation energy is fitted to be 0.111 eV. The activation energy fitted for
films of other thicknesses are listed in Table 3.1, and all values are around 0.11 eV.
For p-type semiconductors, hole concentration p can be calculated by:
p = Nv exp -EF v_ (3.2)
where Nv is the effective density of states of the valence band, EF is the Fermi level, Ev is
the valence band edge, k is the Boltzmann constant, and T is the absolute temperature.
This indicates Fermi level is 0.11 eV above the valence band edge. Compared to the band
gap energy of PbTe at room temperature, i.e. 0.31 eV, this demonstrates the Fermi level
is near mid-gap and therefore results in very low carrier concentration in our
polycrystalline PbTe films.
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Figure 3.8 (a) Carrier concentration and (b) Hall mobility as a function of temperature. Temperature
dependence of carrier concentration suggests thermally activated process in the PbTe film and Fermi level
is 0.111 eV above the valence band. Temperature dependence of mobility shows ionized defect scattering
dominates the electrical conduction in the PbTe film.
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Mobility is usually a strong function of material impurities and temperature. An
approximation of the mobility function can be written as a combination of influences
from lattice vibrations (phonons) and from impurities:
1 + 1 (3.3)
/U Mattice impurities
3 3
where paic < T 2 and /mpuities < T 2 . Fitting temperature dependence of mobility gives
a power law with a factor of 1.25 as shown in Figure 3.8 (b) for 200 nm thick film. The
fitted power factors for other thicknesses are summarized in Table 3.1. The result
indicates that ionized defect scattering dominates the electrical conduction in PbTe films,
which could be expected given the polycrystalline nature of the films. Following the
discussion on p-type inversion channel conduction in part 2.3, and the microstructure
study of the polycrystalline PbTe films in part 3.1.1, we speculate the defects mainly
exist in the grain boundary regions. Later we will show further evidence of oxygen's
existence and diffusion in the PbTe films, and its influence on the electrical properties.
Thus the origin of the defects could also be identified.
Table 3.1 Activation energy and power factor fitted from temperature dependence of carrier concentration
and Hall mobility for polycrystalline PbTe films of different thicknesses.
Film thickness (nm) Activation energy (EF-E,) (eV) Power factor
100 0.108 1.50
200 0.111 1.25
300 0.112 0.85
500 0.106 0.65
1000 0.109 1.86
3.1.4. Photoconductivity
IR light from a blackbody is monochromatized through a sodium chloride prism and
modulated at 10.3 Hz for the photoconductivity measurement. An SP2402 thermoelectric
cooler (TEC) from Marlow Industries Inc. is used for cooling samples down to -60 *C.
The incident IR light power density on the PbTe photoconductor is calibrated using a
thermopile as reference. Figure 3.9 shows the electric circuit used in the
photoconductivity measurement. PbTe photoconductor is biased under fixed current by a
Keithley 220 current source, and the photovoltage caused by the IR light illumination is
recorded by a lock-in amplifier. Photon incident flux and spectral shape are obtained
from the thermopile reference detector with known area (Aref) and responsivity (91ref,)
With known PbTe photoconductor's area (Ad), and measured photovoltage signals from
both reference detector (Vref) and PbTe photoconductor (Vd), sample's responsivity can
be calculated by:
9d= V jref 'Vd Am (3.4)
d ref / %ref A ref 'd
Aref
Figure 3.9 Electric circuit used to measure photo-response from PbTe photoconductors. Samples are biased
under fixed current and the photovoltage caused by the IR light illumination is recorded by a lock-in
amplifier.
We measure excellent photoconductive signal in the wavelength range of 0.8-5 pm in the
polycrystalline PbTe films of all thicknesses, as shown in Figure 3.10. Experiment is
performed under 0.1 mA bias current and at two temperatures (-60 0C and -40 C). For all
thicknesses, responsivity at -60 "C is about 4-6 times higher than at -40 *C showing the
advantage of cooling. The influence of temperature on responsivity will be discussed in
detail later. Responsivity is also found out to be linearly dependent on bias current when
we perform the measurement with different bias current. And the result is plotted in
Figure 3.11.
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Figure 3.10 Responsivity spectra of polycrystalline PbTe films of different thicknesses: (a) 1000 nm, (b)
500 nm, (c) 300 nm, (d) 200 nm, (e) 100 nm. The experiment is performed at fixed bias current of 0.1 mA
and at two temperatures, i.e. -60 *C and -40 *C.
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Figure 3.11 Responsivity spectra taken at different bias current shows linear dependence of responsivity on
bias current. The measurement is performed on a 100 nm thick polycrystalline PbTe film at -60 *C.
One prominent character observed from Figure 3.10 is that under the same bias current,
responsivity is strongly dependent on film's thickness. This trend can be seen more
clearly in Figure 3.12, which plots responsivity spectra for films of different thicknesses
(100~1000 nm) taken at the same bias current (0.1 mA) and temperature (-60 *C). Thin
film interference effect determines the peak responsivity location for films of different
thicknesses, which agrees with quantum efficiency spectra of these films shown in Figure
3.6. Even though quantum efficiency of 100 nm thick film is 5~6 times lower than that of
1000 nm thick film, responsivity obtained in 100 nm thick film is more than 20 times
higher than in 1000 nm thick film. In order to understand this "contradiction", more
detailed study on responsivity's dependence on quantum efficiency, material property,
photoconductor' s geometry, and external bias will be discussed.
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Figure 3.12 Responsivity spectra of polycrystalline PbTe films of different thickness under 0.1 mA bias
current and at -60 *C cooled by a thermoelectric cooler (TEC). All films show excellent photoconductive
signal in the wavelength range of 0.8-5 pm, and the peak responsivity location is determined by
interference effect. More than 20 times higher photo-signal for 100 nm thick film is observed compared
with 1000 nm thick film.
Here we refer to two theories that underlie the photoconductive mechanism in lead
chalcogenide films: number modulation theory53  and barrier modulation theory 6.
Number modulation theory attributes photoconductivity in lead chalcogenide to the
increase of carrier concentration under illumination, while the latter suggests that increase
of effective mobility by lowering of intercrystalline potential barriers accounts for
photoconductivity in lead chalcogenide. According to the discussions by Moss3 1 and
Yasuoka57~59, the number modulation model is consistent with the majority of
experimental observations in lead chalcogenide films. Since we measure no mobility
change in PbTe films in dark and under illumination, we employ the number modulation
model to quantitatively analyze our data. Based on this theory, responsivity (91) can be
expressed explicitly as:
Ir (1+ b)XQE
hcew2d2P 2Pp
where I is the bias current, QE denotes quantum efficiency, T is the lifetime of photo-
generated carriers, b gives the ratio of electron mobility against hole mobility, X is the
wavelength of light, h represents the Plank constant, c is the speed of light in vacuum, e is
the elementary charge, w is the width of photoconductor, d is the thickness of
photoconductor, and p and p are hole concentration and mobility, respectively.
The measured strong thickness dependence of responsivity in our films shown in Figure
3.12 is consistent with Equation 3.5. Under the same bias current, there are three types of
contributions of film thickness to the responsivity: quantum efficiency, geometric factor
of photoconductor's resistance, and carrier concentration change upon illumination. The
first contribution in quantum efficiency is the least explicit part due to the very strong
interference effect for thin films, while both of the last two contributions are linearly
dependent on the inverse of thickness. As confirmed from quantum efficiency spectrum
study in Figure 3.6, the last two contributions are dominant over the first one in our case,
and thus the responsivity increases with decreasing film thickness.
If we plot the responsivity as a function of QE/d2, where the quantum efficiency (QE) can
be calculated using experimentally measured optical absorbance, a linear relationship
would be expected according to Equation 3.5, which is confirmed in Figure 3.13.
Equation 3.5 also shows the strong dependence of responsivity on the carrier
concentration and mobility. According to results in Figure 3.8 and Table 3.1, carrier
concentration has an exponential dependence on temperature and mobility obeys a power
law. As temperature decreases, both carrier concentration and mobility decrease,
resulting in enhanced responsivity by cooling. This also explains why photoconductivity
is mostly obtained in films with very low carrier concentration and high resistivity.
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Figure 3.13 Plot of responsivity vs. QE/d2 shows the thickness dependence of responsivity at 3 pm
wavelength. A linear relationship is observed, consistent with Equation 3.5. The red dashed line is the
linear fit to the experimental data.
Noise analysis shows that 1/f noise dominates at low modulation frequencies (< 100 Hz)
for all the films (will be discussed in detail later). As observed from experiment, 1/f noise
level is independent on film thickness only when the electric field rather than the bias
current is held as constant when comparing films of different thicknesses. Therefore,
responsivity normalized to the same electric field of 100 V/cm and hence identical 1/f
noise level is plotted in Figure 3.14 to compare the thickness-dependent infrared
detection signal-to-noise ratio (SNR) at 3 pm wavelength. The high SNR achieved in thin
films highlights the competitive advantage of using thin PbTe films for infrared detection.
The low quantum efficiency of thin films can be further overcome by incorporating a
photonic-crystal resonant cavity structure which will be discussed in chapter 4.
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Figure 3.14 Thickness dependence of responsivity and quantum efficiency at 3 Pm wavelength. The
responsivity data is taken under an electric field of 100 V/cm. Thinner films show much higher photo-
signals than thicker films despite their lower quantum efficiency. The quantum efficiency for thinner films
can be enhanced by incorporating a cavity structure.
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3.1.5. Noise analysis and detectivity of polycrystalline PbTe photoconductors
Besides quantum efficiency and responsivity, for any kind of IR photodetectors, signal-
to-noise ratio (SNR) is one of the most important characteristics. Detectivity (D* or D-
star) is a commonly used parameter to compare performance of different IR
photodetectors. It is the signal-to-noise ratio at a particular electrical frequency and in a 1
Hz bandwidth when 1 Watt of radiant power is incident on a 1 cm2 active area detector.
The higher the D* value, the better the detector. Mathematically, D* is defined as follows:
D* A9 Af (3.6)
vn
where 91 is the responsivity of the photodetector, Ad is the area of the photodetector, Af
is the effective noise bandwidth, and vn is the noise voltage of the photodetector.
In photoconductors, major noise sources include generation-recombination noise (G-R
noise), 1/f noise, and Johnson noise 6. G-R noise is the most complicated one since it has
three contributions: background irradiance on the photoconductor, signal irradiance on
the photoconductor, and thermal generation. G-R noise voltage (vnGR) can be calculated
by:
VnGR = 2 G-e-Rd - (QE-Egb *Ad+QE-Eqs Ad+g )- Af (3.7)
(1 +b)-p- E-
G = (3.8)
1 1
Rd- (3.9)
p-e-Up w-d
Ad =l-w (3.10)
n-w-d- 1 (3.11)
(1+b)2 -r 1+(2rf .r) 2
where G is the photoconductive gain, E is the electric field across the photoconductor, 1
and Ad are the length and area of the photoconductor, Rd is the resistance of the
photoconductor, Eqb and Eqs are the background and signal irradiance on the
photoconductor (in the unit of #/cm2/s), gth is the thermal-generation rate of carriers in the
photoconductor (in the unit of #/s), n is the electron concentration in p-type
photoconductors, f is the optical modulation frequency in photoconductivity
measurement, and all other parameters are defined in the same way as in Equation 3.5.
1/f noise voltage can be calculated by:
Vn, = Rd - B1 f -Af (3.12)f
where I is the bias current in the photoconductivity measurement, B/f is a constant
related with the equipment.
Johnson noise voltage can be calculated by:
V = 4kT -Rd -Af (3.13)
The total noise voltage should be calculated by:
V 2 = v2 n1/f 2 Jn~ VGR + Vn + V(314
According to Equation 3.5, with known PbTe photoconductors' geometry and
experimental conditions, and measured responsivity, carrier concentration, and mobility,
we calculate the carrier lifetime in our polycrystalline PbTe photoconductors is on the
order of ns (-40--60 C). Based on Equations 3.7-3.13, all major noise voltages except
1/f noise can be calculated and they are summarized in Table 3.2. The directly measured
noise voltage is also listed in Table 3.2. We observe linear dependence of measured noise
voltage on bias current and it decreases with increasing optical modulation frequency.
According to Equation 3.12 and comparing the total measured noise voltage with G-R
noise and Johnson noise, we conclude that 1/f noise dominates at low modulation
frequencies (< 100 Hz) in our polycrystalline PbTe photoconductors.
Table 3.2 Calculated/measured noise voltages in polycrystalline PbTe photoconductors
Noise sources Calculated/Measured data (V)
G-R noise
Background irradiance on the detector 1014 - i-10
Signal irradiance on the detector 10-13 ~ 10
Thermal G-R noise 10-1 ~10~
Johnson noise 10- ~ 10-7
1/f noise
Total measured noise 10-7 10-6
Since 1/f noise is proportional to the inverse of square root of optical modulation
frequency, for commercial infrared detector optics, high electrical modulation
frequencies (1-20 kHz) are implemented to circumvent 1/f noise60 ,61. Under such a
circumstance, Johnson noise will be the dominant noise, and can be calculated by:
D* = 1(1+ b)'zAQE (3.15)
hcwv4kTed'p'1Up
We extrapolate a Johnson-noise-limited detectivity of 1.4 x 1010 cmHz /W at -60 *C at
3.6 pm using the measured parameters of our polycrystalline PbTe film 6. This
detectivity figure compares favorably to current commercial mid-IR HgCdTe detectors
61
using single-crystalline materials
3.2. Photoconductivity mechanism in polycrystalline PbTe films
So far, we have demonstrated excellent photoconductivity in polycrystalline PbTe films,
and usage of thin IR absorbing layer can greatly enhance the signal-to-noise ratio. 100
nm thick PbTe layer shows record-low carrier concentration and remains stable within a
period of four month or even longer. However, no explanation for the observed
photoconductivity or such low carrier concentration has been provided yet, which is
critical and necessary not only for scientific research interest, but also for device
performance improvement in the future. Thus the scope of this part is to study and
discuss the photoconductivity mechanism in our polycrystalline PbTe films.
3.2.1. Oxygen sensitization in lead chalcogenides
Lead chalcogenides including PbS, PbSe, and PbTe are commonly used materials for IR
detection due of their superior chemical and mechanical stability. Highly sensitive mid-
IR lead chalcogenide photodetectors have been demonstrated through annealing as-
21,22
deposited films at high temperatures in an oxidizing atmosphere . It has been well
established that the oxidation annealing incorporates p-type oxygen dopant in the film
77
and sensitizes the infrared photo-response of lead chalcogenide38 53 -ss57 -59 63 72 . Oxygen
can serve as acceptor depleting the electrons in as-deposited films and also form minority
carrier traps increasing the photo-generated carrier lifetime, and thus enhance the
photoconductivity. Some key findings are: (1) polycrystalline lead chalcogenide films
evaporated from stoichiometric bulks are usually n-type due to Te or Se deficiency. After
sensitization, oxygen serves as acceptors which can deplete electrons in the conduction
band; (2) oxygen-sensitized films exhibit p-type conduction, increased film resistivity
and very long photo-generated carrier lifetime; (3) oxygen sensitization is a diffusion-
limited process; and (4) grain boundaries assist in oxygen diffusion, as oxygen
sensitization in polycrystalline films occurs over a much shorter time scale compared to
their single-crystalline counterparts.
According to these observations, the oxygen sensitization in lead chalcogenides are
attributed to two factors: (1) neutralization of free electrons which reduces dark current;
and (2) carrier lifetime increase, which is explained by the spatial separation of photo-
generated electrons and holes due to minority carrier traps (PbO)2 . Despite the above
progress made on lead chalcogenide materials, monolithic integration of highly sensitive
photodetector arrays with Si ROIC still remains unexplored, largely due to high
temperature annealing process involved (> 450 oC) 7 3-75
We demonstrate significant photoconductivity in our polycrystalline PbTe films without
high temperature annealing. There are two possible ways for the incorporation of oxygen
into the films: (1) during the thermal evaporation process; and (2) oxygen diffusion when
the films are exposed to air. The second possibility is due to the fact that our
polycrystalline PbTe films feature nanocrystalline microstructure with highly textured
columnar grains as shown in part 3.1.1. The vertically aligned grain boundaries between
columnar nanocrystalline grains offer abundant diffusion "short-cuts" for oxygen
diffusion and sensitization at much reduced temperature. To demonstrate the existence of
oxygen in the PbTe films and find out which oxygen incorporation process is dominant
for the photoconductivity and low carrier concentration, we perform more detailed study
on oxygen sensitization mechanism and electronic structure of oxygen sensitized PbTe
films.
3.2.2. Oxygen sensitization in polycrystalline PbTe films
With the help of a capping layer of thermally evaporated Ge 23Sb7 S70 film, PbTe films
with two different oxygen concentrations are prepared. They are denoted as "PbTe w/
capping layer" and "PbTe w/o capping layer" as shown in Figure 3.15 and Table 3.3. For
sample "PbTe w/ capping layer", Sn metal contacts are pre-deposited through a shadow
mask onto the substrate (6" 3 Pm SiO2 coated Si wafers) for electrical measurement.
PbTe and Ge2 3Sb7 S7o capping layer are then deposited by thermal evaporation in
sequence without breaking the vacuum of the chamber (two separate evaporation sources
are employed). Sample "PbTe w/o capping layer" is the normal PbTe film exposed to air
immediately after deposition. All films are deposited under a background pressure lower
than 5 x 10~7 Torr.
Secondary ion mass spectrometry (SIMS) is employed to acquire the oxygen
concentration and distribution in PbTe films. Cs ion beam is used to sputter material out
of the sample. The background pressure is on the order of 10~9 Torr, and the detection
limit for oxygen is 1 x 1018 atoms/cm 3 . Oxygen concentration depth profiles in two
samples are shown in Figure 3.15 and the concentration values in the middle of the PbTe
films are listed in Table 3.3. The result demonstrates Ge23Sb7S70 capping layer serves as
very effective oxygen diffusion barrier, since oxygen concentration in the sample "PbTe
w/ capping layer" is almost two orders of magnitude lower than in "PbTe w/o capping
layer". Moreover, Figure 3.15 suggests oxygen in the air indeed could diffuse into our
polycrystalline PbTe films due to the nanometer-sized grains and vertically aligned
through thickness grain boundaries. And this diffusion process happens very fast event at
room temperature.
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Figure 3.15 Oxygen concentration depth profiles obtained by SIMS for PbTe
Ge23Sb7 S70 capping layer.
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Table 3.3 Comparison of PbTe films with and without Ge23Sb 7S70 capping layer.
PbTe w/ capping layer PbTe w/o capping layer
Oxygen concentration (cm 3 ) 2.3 x 1019 1.3 x 1021
Carrier concentration at 300 K (cm 3) 7.36 x 1016 12.5 x 1016
Activation energy (eV) 0.125 0.109
Calculated N, (cm-3) 9.3 x 10" 8.5 x 101"
X-ray photoelectron spectroscopy (XPS) is employed to reveal the chemical status of the
oxygen in the PbTe films. Ar ion beam is used to get rid of the surface oxidation layer.
We have identified two chemical states for both Pb and Te: one is due to normal Pb-Te
bonds in PbTe, and the other is due to oxidation of Pb and Te. This conclusion is further
supported by two chemical binding states observed in oxygen's XPS spectrum in sample
"PbTe w/o capping layer", which is shown in Figure 3.16. A TeO 2 film has been
sputtered and serves as the reference sample to identify the two signals in Figure 3.16.
We find out the ratio of oxygen bonded with Pb and Te is about 8:1, thus even though
both chemical bonds Pb-O and Te-O can be formed, oxygen ions mostly preferentially
bond with Pb. This result is consistent with people's postulate of the formation of
minority carrier traps (PbO) in lead chalcogenidesss
36 532
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Figure 3.16 Oxygen XPS spectrum (0 Is) obtained after surface oxidation layer of PbTe film is etched
away by Ar ion beam.
Hall experiment and temperature dependence of resistivity are studied to further
investigate the electronic structure of oxygen sensitized PbTe films. Room temperature
carrier concentration values for the above two samples are listed in Table 3.3. Both
samples are p-type. Notably, carrier concentration is 3-4 orders of magnitude lower than
oxygen concentration, thus the majority of the oxygen incorporated into the PbTe films
should be electrically non-active. As we have discussed earlier, oxygen serves as acceptor
that can deplete the electrons in the conduction band in lead chalcogenides. Study in part
3.1.3 indicates all PbTe films of different thicknesses after exposed to air have near mid-
gap Fermi level (0.11 eV above valence band edge), and the location of the Fermi level
does not change afterwards. This suggests the Fermi level in PbTe films has been pinned
by the incorporated oxygen. From Table 3.3, the sample "PbTe w/ capping layer" shows
much lower carrier concentration than "PbTe w/o capping layer". This could be due to
non-complete Fermi level pinning given much lower oxygen concentration resulted from
the oxygen diffusion barrier.
Temperature dependence of resistivity of these two PbTe films further supports the above
conclusion. As shown in Figure 3.17, PbTe with capping layer is more resistive than
normal PbTe film without capping layer, and the fitted activation energy is also higher.
According to results in Figure 3.8 and Table 3.1, mobility shows much weaker
temperature dependence, and the exponential dependence of resistivity is mainly due to
the carrier concentration. Therefore the fitted activation energy can help locate the Fermi
level in the band structure, which is shown in Figure 3.18 for the two samples. In PbTe
film without capping layer, oxygen can diffuse into the film through abundant diffusion
"short-cuts", i.e. vertically aligned grain boundaries between columnar nanocrystalline
grains. Due to this large amount of oxygen incorporation, Fermi level can be pinned
completely even thought most oxygen atoms are electrically non-active (non-active:
active - 104:1 according to Table 3.3). In PbTe film with capping layer, however, oxygen
can only be introduced into the film during the deposition. After films are exposed to air,
further oxygen incorporation is blocked by the Ge2 3Sb 7S70 diffusion barrier. Thus the
amount of oxygen in the film is not enough to pin the Fermi level completely and Fermi
level is closer to the mid-gap as shown in Figure 3.18 (a). Compared to the theoretical
intrinsic carrier concentration at 300 K 77, i.e. 8 x 10 cm 3, one finds the carrier
concentration for the sample "PbTe w/ capping layer" is about one order of magnitude
higher. Therefore in order to further reduce the carrier concentration in the PbTe films
down to the intrinsic value, the oxygen concentration should be at least one order of
magnitude lower, i.e. ~1018 cm-3. This will require background pressure of ~10~8 Torr
during the deposition and a diffusion barrier before the film is exposed to the air.
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With carrier concentration values (p) at room temperature and activation energy (Ea)
listed in Table 3.3, effective density of states for valence band (Nv) can be calculated by:
, = pexp F v pexp( a_) (3.16)
which is also shown in Table 3.3. The values of 8-9 x 1018 cm-3 agree quite well with the
model provided by Galeskii 76. Two PbTe films with distinct oxygen concentration yield
almost the same N, values, indicating oxygen incorporation just introduces mid-gap
states without disrupting the overall band structure.
To sum up, we have demonstrated oxygen exists in our polycrystalline PbTe films and
the oxygen preferentially forms bonds with Pb. Oxygen acts as acceptor and pins Fermi
level near mid-gap giving rise to the very low carrier concentration and high
photoconductivity in PbTe films. Oxygen can be incorporated into the films either during
film deposition or through diffusion process once the film is exposed to air. Thus
controlling oxygen concentration down to ~1018 cm-3 during the fabrication process is
critical for improving device performance. With capping layer and reduced oxygen
residue in the background of the deposition chamber, lower carrier concentration and
higher photoconductive signal could be expected. Even though we show the evidence of
the existence of minority carrier traps (PbO) , the carrier lifetime in our PbTe films (-1
ns at -60 'C) is much shorter than values reported for single crystalline PbTe films
(100-1000 ns around -60 C)77, which is possibly due to the polycrystalline nature of our
PbTe films. Annealing at alleviated temperature may increase the carrier lifetime and
thus enhance the photoconductivity which has be demonstrated in most polycrystalline
60PbSe and PbS films
3.3. Summary
In this chapter, we focus on developing thin polycrystalline PbTe film for IR light
detection with enhanced signal-to-noise ratio. By varying film thickness, we perform a
systematic study on the microstructure, optical, electrical, and photoconductive properties
of polycrystalline PbTe films. The films exhibit strong (200) texture with columnar grain
microstructures governed by preferential nucleation orientations. The film grain size
decreases with decreasing film thickness and reaches an average grain size down to 25
nm for the 100 nm thick film. Further, the vertically aligned grain boundaries serve as
diffusion "short-cuts" for oxygen. The unique microstructures of our nanocrystalline
films enables oxygen incorporation at room temperature, as is evident by the p-type
electrical conduction and high infrared sensitivity of our films. Both carrier number
modulation model and our measurement confirm higher responsivity in thinner films than
thicker films, and high peak responsivity up to 25 V/W is attained in the 100 nm thick
PbTe film.
Detailed noise analysis shows 1/f noise dominates at lower optical modulation frequency
(<100 Hz), and Johnson noise is the dominant intrinsic noise in our PbTe
photoconductors. We extrapolate a Johnson-noise-limited detectivity of 1.4 x 1010
cmHzm/W at -60 *C at 3.6 pm using the measured parameters of our polycrystalline
PbTe film, which compares favorably to current commercial mid-IR HgCdTe detectors
using single-crystalline materials.
Study on the photoconductivity mechanism in our PbTe films reveals oxygen plays an
important role in pinning Fermi level near mid-gap. This leads to very low carrier
concentration and excellent photoconductivity in the PbTe films. Oxygen can be
introduced into the film either during film deposition or through diffusion process once
the film is exposed to air. Thus controlling oxygen concentration down to ~1018 cm-3
during the fabrication process is essential for device performance improvement. With
oxygen diffusion barrier or reduced oxygen residue in the deposition chamber, lower
carrier concentration and higher photoconductive signal could be expected.
Chapter 4. Design of resonant-cavity-enhanced (RCE) multispectral
infrared (IR) photodetectors50 ,5 2,78
In last chapter, we have demonstrated polycrystalline PbTe film as thin as 100 nm can be
used as mid-IR light absorbing layer. Thinner PbTe films show much higher photo-
responsivity and detectivity than thicker films due to strong thickness dependence of
these two characteristics. However, experimental results also indicate the quantum
efficiency of a single 100 nm thick PbTe layer is only 6.7% at 3.6 pm wavelength. Thus
if we could enhance the quantum efficiency as close to 100% as possible, performance
will be improved by more than one order of magnitude.
In this chapter we will show how mid-IR distributed Bragg reflector (DBR) is developed
to form a cavity structure to enhance the quantum efficiency. The DBR consists sputtered
Ge and evaporated As 2S3 films serving as high and low index materials. Then we discuss
how to design such cavity structures with thin PbTe absorbing layers incorporated inside
to achieve "critical coupling condition", under which near unity quantum efficiency can
be realized. Meanwhile, we theoretically analyze a novel design of cavity-enhanced
photodetectors capable of sensing multiple wavelengths simultaneously in a single pixel.
The design is based on phase-tuned propagation of resonant modes in cascaded planar
resonant cavities. We show that this concept can be generalized to detect multiple
wavelength combinations covering the entire near to far infrared spectrum. Besides its
multispectral detection capability, the design also features minimal spectral cross talk and
significantly suppressed noise. The intrinsic design versatility and scalability, as well as
process compatibility with planar microfabrication, suggest the design's wide application
potential for telecommunications, infrared imaging, and biochemical sensing.
4.1. Distributed Bragg reflector (DBR) for mid-IR52
As shown previously in Figure 1.4, in order to form a cavity structure, two mirror stacks
are required to sandwich the cavity region. Light of resonant wavelength will then be
trapped in the cavity region and interact with the absorbing layer in this region. One
prerequisite for the two mirror stacks is high transparency in the wavelength range of our
interest, i.e. mid-IR (3-5 pm). As we will discuss later, the reflectance value of the mirror
stack should be adjustable to obtain "critical coupling condition". Thus we use one-
dimensional photonic crystals (ld-PC) serving as distributed Bragg reflectors (DBR, the
mirror stacks), since their reflectance values can be easily modified by changing bilayer
number or film thickness. Ge and As 2S3 films are employed as high and low index
materials to fabricate ld-PC given their excellent mid-IR transparency and large
refractive index contrast. At first we will show how single layers of these two materials
could be fabricated and their optical properties could be calculated. Afterwards,
fabrication and demonstration of a Id-PC designed for 3.6 pm will be provided.
4.1.1. Optical properties of single layer films: Ge and As 2S3
2" diameter poly-Ge with Cu backing plate of 99.999% purity from Williams Advanced
Materials is used as sputtering target, and As2 S3 bulk of 99.999% purity from Amorphous
Materials Inc. is used as the source material for thermal evaporation. Both the sputtering
and the thermal evaporation are carried out at a base pressure lower than 5 x 104 Torr. Si
wafers (6" Si wafers with 3 pm oxide) and optically polished CaF 2 discs are used as
starting substrates. Films deposited on CaF2 discs are used for optical property
measurements given the IR transparency of CaF2. The substrates are held on a rotating
substrate holder, at room temperature, throughout the depositions. Film deposition rate is
monitored in real-time through two separate quartz crystal sensors and is maintained at
1.3 A/s for Ge, and -10 A/s for As 2 S3.
Profilometry measurements performed on single-layer Ge and As2S3 films yield excellent
uniformity across an entire substrate with thickness variations < 3%. X-ray diffraction
analysis on both Ge and As2S3 films confirms their amorphous nature. Figures 4.1 (a) and
4.1 (b) show the transmittance spectra of single layers of sputtered Ge and evaporated
As 2S3 films respectively. Both materials show excellent transparency in the mid-IR
wavelength range. The fringes in both curves are due to the interference effect.
Using Swanepoel approach coupled with Cauchy's dispersion formula 4 3, refractive index
n and extinction coefficient k of Ge and As 2S3 have been calculated from their
transmittance spectra, as shown in Figures 4.2 (a) and 4.2 (b). Strong wavelength
dependence of refractive index and absorption are observed from 0.9 pm to 3 pm in the
result of Ge, as shown in Figure 4.2 (a). As2 S3 shows weaker wavelength dependence of
refractive index and higher transparency in this range, as shown in Figure 4.2 (b). For a
rigorous design of resonant-cavity-enhanced (RCE) photodetectors, the wavelength
dependence of n and k values is critically important in determining the thickness of each
layer and the resonant wavelength, and thus should be taken into account.
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Figure 4.1 Transmittance spectra of (a) sputtered Ge and (b) thermally evaporated As2S3 on CaF2 show
excellent transparency in mid-IR wavelength range.
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Figure 4.2 Refractive index n and extinction coefficient k of (a) sputtered Ge and (b) thermally evaporated
As 2S3 calculated from the transmittance spectra in Figure 4.1, using Swanepoel approach coupled with
Cauchy's dispersion formula. Ge shows strong wavelength dependence of refractive index and absorption
in the 0.9-3 pm range, while As 2S3 shows weaker wavelength dependence of refractive index and higher
transparency in this range. These effects are critically important in determining the thickness of each layer
and the resonant wavelength for the design of RCE photodetectors.
4.1.2. Fabrication and optical property of (Ge/As 2S3)3/Ge DBR
Based on optical properties obtained for Ge and As2 S3 films, one-dimensional photonic
crystal (ld-PC) serving as mid-IR DBR mirror stack has been designed, fabricated, and
tested. The ld-PC is designed to have maximum reflectance value at 3.6 Pim. Quarter
wavelength stack of 219 nm thick Ge and 381 nm thick As 2S3 is deposited layer by layer
in a single chamber without breaking the vacuum as shown in Figure 4.3. Two pre-
calibrated quartz crystal sensors are used to monitor the deposition rate and thickness of
Ge and As2S3 films separately.
Figure 4.3 Configuration of deposition chamber for (Ge/As 2S3)3/Ge mid-IR id-PC fabrication.
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Figure 4.4 shows the cross-sectional SEM image of the (Ge/As 2S3)3Ge quarter
wavelength stack we have fabricated on SiO2/Si substrate. Figure 4.5 shows the
reflectance spectrum of this ld-PC and the simulated curve based on transfer matrix
method79. The agreement between experiment and simulation indicates excellent film
thickness control and uniformity. The spectra feature a photonic band gap (PBG) from 3
pm to 5 pm, with reflectance higher than 99% in the range of 3.5-3.8 pm, again in
excellent agreement with the designed operating wavelength of 3.6 pm.
Figure 4.4 SEM image of (Ge/As2S3)3/Ge ld-PC on SiO 2/Si. Excellent film thickness control and
uniformity are demonstrated. The thickness of Ge is monitored to be 219 nm during deposition, and the
thickness of As2S3 is 381 nm.
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Figure 4.5 Reflectance spectra of (Ge/As2S3)3/Ge Id-PC. Solid line: experimental data; dotted line:
simulated spectrum. This Id-PC is designed to have maximum reflectance at 3.6 pm wavelength. The
experimental spectrum features a photonic band gap from 3 gm to 5 pm, with reflectance higher than 99%
in the range of 3.5-3.8 pm. The agreement between experiment and simulation indicates excellent film
thickness control and uniformity.
4.2. RCE multispectral photodetectors using phase-tuned propagation50'78
Multispectral infrared (IR) detection has been widely employed for applications including
hyperspectral imaging, IR spectroscopy, and target identification. Traditional
multispectral detection technology is based on the combination of single spectral Focal
Plane Arrays (FPAs) and spectral filters or spectrometers, which require bulky, high-cost
mechanical scanning instruments and have a slow response. Single pixels capable of
detecting multiple wavebands simultaneously enable dramatically simplified system
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design with superior mechanical robustness and thus have become the focus of third
generation FPA development. Recently, three-color HgCdTe photodiodes have been
demonstrated, although their spectral cross talk is still large (> 10%)18 . A competing
multi-color detector technology is quantum-well IR photodetectors (QWIPs)9 . However,
QWIP device optimization is limited by its low quantum efficiency (< 10%)17. Other
alternative solutions like tandem detectors have limited band selection options and large
cross talk due to challenges associated with material compatibility and radiative coupling.
A solution which combines high quantum efficiency and low spectral cross talk is yet to
be explored.
Our approach involves a multi-layer cascaded cavity structure shown schematically in
Figure 4.6. Each wavelength to be detected leads to a unique resonant cavity mode
locally confined within its dedicated cavity, where an absorbing active layer is placed for
spectral selective detection of this wavelength. The major challenge is the spatial
localization of the resonant modes without compromising quantum efficiency. Our
solution employs a novel phase-tuned propagation design. In this approach, we insert
phase-tuning layers between the cascaded cavities to control the optical phase and hence
the coupling strength between the incident light and the resonant modes. Thereby, we
show that near unity quantum efficiency (QE) can be achieved for all cavities. Comparing
to previous work on multispectral detection using a single cavity80 , spectral cross talk is
significantly suppressed given the wavelength-selective spatial localization of resonant
modes in different cavities. Electrical signal originating from each wavelength may be
separately read out by contacting the corresponding active layer, either in a
photoconductive80 or in a photovoltaic mode. Further, since resonant cavity enhancement
effect leads to field build-up in the cavity and dramatically increases absorption, IR-
active layers with reduced thickness can be used while maintaining near unity QE.
Consequently, photodetector noise can be suppressed without compromising responsivity.
In this part, we theoretically analyze the design principles of the multispectral pixel
design using the transfer matrix method (TMM). These principles are then illustrated by a
specific design example based on our previously developed materials: evaporated
polycrystalline PbTe, sputtered Ge, and evaporated As 2S3 films.
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Figure 4.6 A cross-sectional schematic of a multispectral photodetector consisting of cascaded planar
resonant cavities based on the phase-tuned propagation concept (not drawn to scale).
4.2.1. Analyticalformulation
To start with, we consider an IR active layer sandwiched in a generic multi-layer resonant
cavity stack, near-unity quantum efficiency can be attained when the critical coupling
condition is met at the resonant wavelength 1:
R, =(l- A)Rb, Rb --)l (4.1)
where Rt and Rb are the reflectance values of top and bottom mirrors, and AL denotes the
optical resonant mode loss*. When the cavity quality factor Q >> 1, AL can be calculated
82.using cavity pertubration theory as
AL = ed - Ictive (4.2)
Jtack c IE012 dV
where P and a are the dielectric constant and absorption coefficient of the IR active
material, d is the cavity length, Eo denotes the electric field distribution of the resonant
mode, and se gives the dielectric constant profile of the stack. Notably, when the active
material completely fills the cavity between the two mirrors, AL can simply be given as
-2 3(1-e -d) and Equation 4.1 reduces to the critical coupling formulation by Unlu83.
Equation 4.1 states that given a bottom mirror with near unity reflectance (Rb -+ 1) and a
specific thickness of active material in the cavity, maximum quantum efficiency at
resonant wavelength may be obtained by appropriately choosing a top mirror reflectance
(Rt) to satisfy Equation 4.1. Intuitively, there are two situations which can deviate from
the critical coupling condition: if the top mirror is highly reflective, most of the incident
* Critical coupling condition expressed by Equation 4.1 is a very good approximation in our case. Strict
formulation should use quality factors instead of reflectance values. More detailed discussion can be found
in chapter 5.
light will be reflected back and cannot "feel" the existence of the absorbing layer in the
cavity; if the top mirror is highly transparent, light cannot be trapped in the cavity region
completely due to the top mirror loss. Thus there exists an optimal top mirror design to
achieve the condition when light can be fully trapped and totally get absorbed by the
absorbing layer.
Now we apply the above analysis to the ith (i = 1, 2, 3...) cavity in the cascaded structure
shown in Figure 4.6. As is shown in Figure 4.7, the "top mirror" of the ith cavity
essentially includes cavities 1 to i-1. In order to satisfy Equation 4.1, we insert an
additional coupling-matching layer m in the top mirror stack. As we show below,
incorporation of such a layer allows effective tuning of the top mirror reflectance Rt,i (the
2 nd subscription i denotes the sequential number of cavity in the stack), and thereby the
critical coupling condition can be met by choosing an appropriate coupling-matching
layer thickness.
1 ()Incident Medium
Cavitiesl 12... i-i
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Figure 4.7 Structures used in deriving the coupling-matching condition for cavity i. Stack (1) is the entire
structure which can be decomposed into stack (2) and stack (3). The layers corresponding to stack (1) are
also shown in Figure 4.6.
Here we use TMM to derive the top mirror reflectance Rt of the ith cavity in the stack, as
is shown in Figure 4.7. Following the convention of Sun 9, we label the layers
sequentially starting from the incident medium. The electric field of the transmitted
light E,.+ 2p is given as:
' 1 =E M Mn+J*Ej  m2p-1 -Lm+2p-i MM+ 2 p-i )... (MM+ -Lm+i -M,)(- (MM -LM -M -
E E
(M,,_, -L,,_1 -Mm-11).-. -(M2 - 2 M21).-Ml -f TEl rEj
(4.3)
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_ iCs j n KCos~ J j s -wave
M, = u u (4.4)
Cos O COnL n , p -wave
L, e 2 j}J = 2jj niti cos fj (4.5)
where El and E are incident and reflected electric field components in the incident
medium, # denotes the incident angle of light at the interface of jth layer and (j+1)th
layer, n1 , u, and tj are refractive index, relative permeability, and thickness of the jth
layer, r and t are the complex amplitude reflectivity and transmissivity of the top mirror,
T
and k is the wavelength of incident light. It is obvious that r = 21 and Rj = r 2 .
f 22
The transfer matrix Tf of the entire stack may be written as:
T, =T 3 ) MjI- -M -L T2) (4.6)
where T(2) corresponds to the transfer matrix of layers from the 10 to the (i-1)th cavity
including the mth coupling-matching layer, and T(3) is transfer matrix of the quarter
wavelength stack (QWS) designed for the ith cavity's resonant wavelength Xi. It can be
proven that the matrix T(2) may be generically represented as:
('T e~"2 T e-92
(2) M M-( M -2)2-M e) -2- T-( M - eL (4.7)T -MM- -L-1 M-') .. (2 -4 -M2 = , (2)21 e 12 (2)22 e 02)
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where T , , and962 are functions of #j, n, ,,t, (j = 1 to m), and A.(2)21 ' (2)22 ' 21 ' 22 ar fun t
Equation 4.7 is valid for both s-wave and p-wave. In high-index-contrast Bragg cavities,
the angular dependence of spectral response is minimal84 . In the design example we show
below, the resonant wavelength shifts less than 2% at an incidence angle from air of 300.
Therefore, practically we only need to consider normal incidence light. T(3 ) follows the
general formulation of QWS transfer matrices at normal incidence (A= A., p pairs):
T(3) = M-1 2 p (Mm+2p-1 * Lm ~ M1 ) M~ *Lm -1 *M =(2, 1 A+ B -A+B
M+ +2-1 M+2p1 .. (M+1* M+1 M+ I A-B -A-B)
(4.8)
where A = n.1 (m+2 , B= n'+m2p-l )m (4.9)
2nm,2p- nm1 2 nm+2p n,+2
Substituting Equations 4.7 and 4.8 into Equation 4.6, we have:
2  T 2 A -n,_ -2(T T e6 2" -±T2e 2'"}+ B ( 2)21 e'(21'+22) + (2)22e 20 2
''' T22 A -n, -T e(0921 
-Te(2)21 ' + ±B -(T e(21+02) + TA. (2)22 e(2±2)-T e' (2)22 (2)2 e2i 1
(4.10)
21r
where Jm =-- nt,,, and n, and tm are refractive index and thickness of the mth layer,
i.e. the coupling-matching layer at Xi. Equation 4.10 suggests that the mirror reflectance
Rti is a periodic function of tm, and the period is . Such a functional dependence
2nm
provides a lever to tune Rti simply by adjusting tm to satisfy Equation 4.1 and thereby
reach near unity quantum efficiency. In the example we give later, we illustrate how the
critical coupling condition can be solved graphically.
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There are two special cases though where the R,i tuning mechanism fails. To see that, we
2
T
note that the reflectance of stack (2) is given by R= .2) When the resonant
(2)22
wavelength of the ith cavity X, falls in one of the photonic stop bands of cavities 1 to i-1,
R(2) ~ 1. This is equivalent to T , )T2 ; under this condition, Equation 4.10 reduces
to R, =1 regardless of the value of t.. In the second case, R(2) - 0. This happens when Xi
coincides with the reflectance minimum of ripples outside the photonic stop bands of
cavities 1 to i-1. Thus T2)21 =0 and Equation 4.10 becomes R,, = A'" ,mB
An,, + Bn,
suggesting Rti is independent on tm . Both of these special cases can be avoided by
properly choosing the refractive index contrast of mirror materials in cavities 1 to i.
To summarize, we can follow the generic procedures to design multispectral detectors for
selectively detecting N different wavelengths X1, k 2 , ... AN'
(1) Select mirror materials for the N wavelengths to avoid overlapping Xj and the
photonic stop bands of cavities 1 to i-1, and to minimize parasitic loss due to mirror
absorption;
(2) Start from the first cavity on top of the stack, choose appropriate numbers of
top/bottom mirror QWS pairs to satisfy Equation 4.1;
(3) Move on to the next cavity i, adjust the coupling-matching layer thickness
sandwiched between cavity i- 1 and cavity i so that the critical coupling condition is met;
(4) Repeat step (2) and (3) until the entire stack design is completed.
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The design procedures ensure that near unity quantum efficiency is attained for all N
different wavelengths; in addition, as we will show in the following example, the high
degree of modal spatial localization ensures minimal cross talk between the different
wavelengths to be detected.
4.2.2. Simulation of complex top mirror stack
To validate the tunability of Rt,2 in Equation 4.10, X, = 1.55 pm is chosen as the shorter
wavelength trapped by cavity 1, and then we change second wavelength to be detected X2
and the thickness of the coupling-matching layer tm(As2S 3 ). Sputtered Ge and evaporated
As 2S3 are chosen to form the whole structure shown in Figure 4.7, and their refractive
indices are fixed at 4.101 and 2.363 respectively.
Firstly, we design critically coupled cavity 1 to trap near-IR light at resonant wavelength
k, (k, = 1.55 pm). Since no material absorption has been considered, the optical resonant
mode loss AL = 0. According to Equation 4.1, as long as Rt = Rb, critical coupling
condition will be satisfied and light of ki will be trapped in the cavity. In part 4.1.2, we
demonstrate quarter wavelength stack of only 3.5 pairs, i.e. (Ge/As 2S3)3Ge, shows over
99% reflectance. Thus we employ 3.5 and 4.5 pairs for the top and bottom DBR mirrors.
The thickness of the cavity is chosen to be one half of the wavelength, so only the first
order mode can be supported by the cavity.
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Figure 4.8 shows the simulated reflectance spectrum of cavity 1 by TMM, which is also
shown as stack (2) in Figure 4.7, i.e. Air/(Ge/As2S3)3/Ge/(As 2S3
cavity)/Ge/(As 2S3/Ge)4/As 2S3. In order to test Equation 4.10, we choose several
wavelengths as X2 and design quarter wavelength stack (QWS) for each X2 accordingly,
which is shown as stack (3) in Figure 4.7, i.e. Air/(Ge/As 2S3)1/Ge/As2S3. The reflectance
value of this QWS equals to 0.8298 at each X2 . The location of these wavelength X2 is
indicated in Figure 4.8 and also listed in Table 4.1. Varying the thickness of the coupling-
matching layer As 2S3 between cavity 1 and QWS for X2, we simulate the reflectance
value Rt,2 of the stack (1) in Figure 4.7, and the result is shown in Figure 4.9.
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Figure 4.8 Reflectance spectrum of cavity 1 for k = 1.55 pm. Cavity 1 is also shown as stack (2) in Figure
4.7. As2S3 and Ge are used as low and high index materials. Cavity 1 is designed to support only the first
order resonant cavity mode. The red solid dots denote several wavelength locations used as wavelength X2
to verify Equation 4.10.
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Table 4.1 Wavelengths as X2 investigated to demonstrate tunability of Rt,2 in Equation 4.10 by changing the
thickness of coupling-matching layer As2S3.
Wavelength X2 Reflectance of cavity 1(R(2) of Rt,2 when tm=O Rt,2 when tm varies from 0 to
(pm) stack (2) in Figure 4.7) 1.4 pm
1.7 0.9995 0.9989 0.9956-0.9999
2.04 0.4760 0.9204 0.0644-0.9223
2.173 0.0013 0.6223 0.6211-0.6629
3.014 0.0110 0.6925 0.5784-0.6992
3.6 0.3901 0.8889 0.1258-0.9032
4.257 0.4479 0.1009 0.0815-0.9164
8 0.2652 0.7962 0.2382-0.8684
1.0 -.
0.8 - u
1.7 pm
0 6 3
+ .- E] o 2.04 pm
~0.4 x 2.173pmS" Lo 3.014 pm
0 ~ ~ OAA0A1 3.6 pm
DO M 4.257 pm
0.0-1 W I .r 8 pm
0 400 800 1200
t (As 2 S )(nm)
Figure 4.9 R, 2 values at X2 for different wavelengths chosen as X2. The simulated structure is shown as stack
(1) in Figure 4.7. Consistent with Equation 4.10, R, 2 shows periodic dependence on the thickness of the
coupling-matching layer As 2S3 which is sandwiched by cavity 1 and QWS of X2. Tunability of R,,2 is clearly
seen for each chosen X2.
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In Figure 4.9, we demonstrate when the thickness of the coupling-matching layer As 2S3 is
changed from 0 nm to 1400 nm, Rt,2 can be tuned continuously and a fairly broad range
(0.1-0.9) can be obtained. The tunable range of Rt,2 for each X2 is also summarized in
Table 4.1 (4 th column). This result is consistent with Equation 4.10. The period of -
2nm
predicted by Equation 4.10 is also clearly observed in Figure 4.9. As we have discussed
before, reflectance value at k 2 of cavity 1 (2nd column in Table 4.1) will influence the
effectiveness of the coupling-matching layer. As shown in Table 4.1 and Figure 4.9,
when k 2 = 1.7 ptm which falls into the photonic stop band of cavity 1, R(2) = 0.9995 ~ 1.
Thus Rt,2 - 1 and Rt,2 is independent on tm(As2S 3). When k2 = 2.173 pm (or 3.014 pm),
R(2) = 0.0013 (or 0.0110) - 0. Therefore Rt,2 shows very weak periodic dependence on
tm(As2S3) and its tunable range is much narrower than other k2. Figure 4.9 also suggests
that the closer R(2) approaches 0, the narrower the tunable range of Rt,2 .
4.2.3. Design example of dual waveband RCE photodetectors
As an example to validate the principles, we have designed a dual waveband RCE
photodetector for k, = 1.55 pm and k 2 = 3.6 pm. More realistic material properties are
used. Evaporated PbTe, sputtered Ge, and evaporated As2S3 are chosen as the three
materials to form the dual waveband RCE photodetector. As 2 S3 and Ge are used as the
low and high index mirror materials given their IR transparency. And their wavelength-
dependent refractive indices are calculated from experimentally measured transmittance
spectra using the Swanepoel approach as discussed in part 4.1.1. PbTe layers of 50 nm
107
and 100 nm in thickness are used as IR absorbers in two cascaded cavities, and the
refractive indices are measured using IR ellipsometry as discussed in part 2.4.
Air
QWS @ 1.55 pmn
Half wavelength cavity @ 1.55 PM
- WS @ 1.55 pmn
Coupling-matching layer: 340 nm Ge
-QWS @ 3.6 pmn
Half wavelength cavity @ 3.6 prm
Ge
>QWS @ 3.6 pmn
As2S3
SiO2ISi substrate PbTe
Figure 4.10 Schematic cross section of the photodetector designed to detect 1.55 pm and 3.6 pm
wavelengths simultaneously.
Figure 4.10 shows a schematic cross-section of the photodetector designed following the
procedures detailed above. The solid curves in Figure 4.11 plot Rt,2 as a function of
coupling-matching layer's thickness (tce) for different QWS pair numbers, the dashed
line indicates the reflectance corresponding to the critical coupling condition Equation
4.1, and the green crosses denote the thickness values at which Equation 4.1 is met. Here
we use a 340 nm thick Ge layer sandwiched between the two cavities as the coupling-
matching layer. Using TMM, the electric field distribution across the photodetector's
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whole structure is calculated as a function of wavelength, and then the quantum
efficiency spectra in two PbTe absorbers can be calculated separately by7 9:
QE(A) = n - a IE(A, z)2 dz (4.11)
where n and a are the refractive index and absorption coefficient of PbTe, and E(X, z)
denotes the electric field distribution across the photodetector.
C
0
0.
I--
1.0 - -
R =0.94
0.8
0.6-
0.4-
QOWS pair #= 1
0.2- 
-QWS pair # = 2
-QWS pair #= 3
0.0
0 100 200 300 400 500
tG (nm)
Figure 4.11 Solid curves: Rt,2 as a function of coupling-matching layer's thickness for different QWS pair
numbers; dashed line: reflectance corresponding to the critical coupling condition Equation 4.1; green
crosses: thickness values at which the critical coupling condition is met.
Figure 4.12 shows the QE spectra for the two PbTe absorbers. Peak quantum efficiencies
over 80% have been realized in both wavebands with only 50 nm and 100 nm thick PbTe
absorbers given the strong resonant cavity enhancement. In comparison, a conventional
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free-space PbTe photodetector operating at 3.6 pm wavelength requires an absorber layer
as thick as 10 pm. As a consequence, the generation-recombination and Johnson noise in
our design will be 10 times lower, since both types of noises scale with the square root of
the active material volume. The ripples between peaks (side lobes) can be suppressed by
integrating a planar band-stop filter or employing an apodized cavity design 5 .
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Figure 4.12 QE spectra calculated for two PbTe absorbers in the two cascaded resonant cavities, showing
two detection bands peaked at 1.55 pm and 3.6 pm with high QE and low spectral cross talk.
Besides the high QE, the high degree of spatial localization of modes effectively
minimizes cross talk between the two IR absorbing layers. Figure 4.13 plots the light
intensity distributions in the stack at the two resonant wavelengths. Spectral cross talk in
a dual wavelength detector can be measured using86:
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Crosstalk = qactive2 (A)
active 2 ()
(4.12)
where qactive2 (A) is the QE of second active layer at k, and qacive 2 ( ') is the peak QE of
second active layer at 2. Our design leads to spectral cross talk as low as 0.1%, more
than two orders of magnitude lower compared to a tandem design8 6 or a single cavity
design 0 .
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Figure 4.13 Normalized light intensity spatial distribution for 3.6 pm and 1.55 pm wavelengths,
respectively, illustrating high degree of modal spatial localization.
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4.2.4. Optical properties of dual waveband RCE photodetectors
According to precious design for dual waveband RCE photodetectors, the whole stack
has been fabricated onto transparent CaF2 substrate layer by layer and its optical
properties are measured. Figure 4.14 shows the preliminary optical experimental results,
i.e. reflectance and transmittance spectra of the dual waveband RCE photodetectors. Two
resonant cavity modes are clearly identified in the reflectance spectrum, i.e. one at 1.61
pm and the other at 3.70 pm. Using the measured reflectance and transmittance values,
we calculate peak quantum efficiency values to be 92% and 68% respectively. Both the
locations of the two resonant cavity modes and their high quantum efficiencies are
remarkably consistent with our theory and design example shown before.
100-
80-
40
~4
20 Cavity mode 2
Cavity mode 1 -
0
1 2 3 4 5
Wavelength (im)
Figure 4.14 Reflectance and transmittance spectra of dual waveband RCE photodetector. Two resonant
cavity modes are clearly seen in the reflectance spectrum, i.e. one at 1.61 pm and the other at 3.70 pm.
Based on the measured reflectance and transmittance values, peak quantum efficiencies are calculated as
92% and 68% respectively.
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4.3. Summary
In this chapter, we discuss the strategy to enhance the quantum efficiency of thin
polycrystalline PbTe films, i.e. using cavity structures. Mid-IR distributed Bragg
reflectors serving as mirror stacks are developed to form such cavity structures. Due to
the excellent IR transparency, sputtered Ge and evaporated As 2S3 films are chosen as
high and low index materials to fabricate the DBR structures.
We propose and analyze a versatile and scalable design for cavity-enhanced
photodetectors capable of sensing multiple wavebands simultaneously in a single pixel.
The design is based on phase-tuned propagation in cascaded planar resonant cavities and
this concept can be generalized to detect virtually any arbitrary number of wavelengths.
Theoretical analysis indicates a coupling-matching layer with optimized thickness is
necessary between adjacent cavities to achieve near unity quantum efficiencies at desired
wavelength. A design example shows that the cross talk between two detected wavebands
(1.55 pm and 3.6 pm) is negligible owing to the separation of the two bands in both
wavelength and spatial domains. Even with very thin absorbers, quantum efficiencies
over 80% can be obtained at both resonant wavelengths due to the strong resonant cavity
enhancement. Preliminary optical experiments on the fabricated dual waveband RCE
photodetector's stack demonstrate the existence of the two expected resonant cavity
modes (1.61 pm and 3.70 pm). Peak quantum efficiency values as high as 92% and 68%
have been achieved for these two wavebands respectively. This proposed photodetector
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structure combines high QE, reduced detector noise as well as low spectral cross talk, and
thus may find wide applications in security surveillance, imaging, and IR spectroscopy.
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Chapter 5. Single waveband RCE photodetectors on a silicon platform
for mid-IR"7 "
In last chapter we discuss design of multiple waveband RCE photodetectors using
cascaded resonant cavities. Actually, each resonant cavity serves as a building block for
the whole structure and can be treated as a single waveband RCE photodetector. Thus in
reality demonstration of such single waveband RCE photodetector is essential for the
development of multiple waveband RCE photodetectors.
Single waveband RCE photodetectors for mid-IR have been demonstrated in single-
crystalline PbTe89 , PbixEuxSe 90, and HgCdTe 91. Our approach, which uses
polycrystalline and amorphous materials for cavity fabrication, not only enables
simultaneous multispectral detection within a single RCE detector, but also reduces the
cost and allows monolithic integration with Si readout integrated circuits (Si ROIC). In
this chapter we present a demonstration of mid-IR RCE detectors monolithically
integrated on silicon using polycrystalline PbTe as the IR active material. The entire
detector structure can be directly deposited onto a silicon substrate free of lattice match
constraints. While it was previously believed that high-temperature sensitization is
required for polycrystalline lead chalcogenide films to become IR sensitive2 1 '2 2'3 , our
polycrystalline PbTe films show excellent IR response through a room-temperature
oxygen sensitization process as we have discussed in chapter 3. As low temperature
processing (150 C) is implemented in the entire fabrication process, our detector is
promising for monolithic integration with Si ROIC.
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5.1. Design using critical coupling condition
Quantum efficiency in this work is defined in the same way as before, which is the ratio
of the number of photon generated excess electron-hole pairs over the number of incident
photons, and will be denoted as QE. Due to the fact that PbTe is direct band gap
semiconductor, we have made the assumption that all absorbed photons contribute to
generating electron-hole pairs. The key design challenge for RCE detectors is how to
attain critical coupling, the prerequisite of achieving near unity quantum efficiency as we
have discussed in chapter 4.
In a planar cavity sandwiched between two mirrors, the critical coupling condition can be
generically written as:
Qt, = Qbs and Qb, -+ oo (i.e. Rb, ->1) (5.1)
where Qtm, Qbm, and Qabs represent the cavity quality factors (Q) due to top mirror loss,
bottom mirror loss, and absorption of the IR active layer, and Rbm is the bottom mirror
reflectance. One may notice critical coupling condition formulated by Equation 5.1 has
different expression from Equation 4.1. Actually Equation 4.1 is applicable for the case
when the light absorbing material fills the whole cavity region, while Equation 5.1 is a
general formula describing critical coupling condition though it seems less explicit. As a
reminder, a thin active layer contributes to enhanced signal-to-noise ratio, thus one
important subtlety with our multi-layer cavity is that the active absorbing material (PbTe)
does not fill the entire region between the two DBR mirrors. Therefore we resort to a
general formulation Equation 5.1 applicable to a "sandwiched" cavity configuration
(Figure 5.1).
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In this case, the interfaces between the two As 2S3 spacer layers and the PbTe layer
sandwiched between them cause additional reflections which complicates the cavity
optical response. Therefore, the apparent mirror reflectance values calculated using TMM
is not directly correlated with the cavity Q factor, and Equation 4.1 is an approximation
for Equation 5.1. In other words, the Q factor now cannot be calculated simply using the
mirror reflectance values, and the Q factor is a much better representation of the cavity
property.
When the IR active material completely fills the cavity, Equation 5.1 still can be reduced
83 82to Unlu's formulation . Perturbation theory gives Qabs as
= 4) ta,, droc|E0|2  4)r sack dre |E02
Ana Jactive dr|E012  Anad Eoactive2
where n, a and d are the index of refraction, absorption coefficient and thickness of the
IR active material, k is the resonant wavelength, Eo denotes the electric field distribution
of the resonant mode, and &c gives the relative dielectric constant profile of the stack. The
second equality in Equation 5.2 holds when k >> d, in which case the electric field can be
treated as a constant in the IR active layer (Eo,active). Since Qtm is determined by the top
mirror reflectance Rtm, similar to Equation 4.1, Equation 5.1 also states that given a
bottom mirror with near unity reflectance (Rbm -+ 1), maximum QE at resonant
wavelength may be obtained by appropriately choosing a top mirror reflectance to satisfy
Equation 5.1.
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Cavity
Bottom Mirror
W Ge
As2S3PbTe
SiO 2
Figure 5.1 Schematic cross-sectional picture of the designed resonant cavity structure. In the cavity region,
two As2S3 spacer layers sandwich the PbTe IR absorbing layer.
To illustrate the principle of critical coupling, Figure 5.2 plots quantum efficiency in an
RCE detector as a function of Qtm given Rbm - 1. The Qabs value of the designed RCE
detector structure is derived to be 85 using Equation 5.2 and fixed as a constant in the
calculation. The calculation employs a modified two-port coupling matrix approach 92.
Clearly, unity QE is attained only when Qtmn = Qabs, in agreement with the condition
specified by Equation 5.1.
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Figure 5.2 QE of RCE detector plotted as a function of Qtm calculated using a modified coupling matrix
method; the triangles correspond to TMM simulated QE values of designs with different top mirror (TM)
Bragg pair numbers. Near unity QE is attained under critical coupling condition, i.e. Qtm = Qabs.
To experimentally demonstrate near unity QE, we tune the top mirror reflectance and Qtm
by using a top mirror consisting of an appropriate number of Bragg pairs to satisfy
Equation 5.1. As 2 S3 and Ge are used as the Bragg mirror materials given their IR
transparency. Their wavelength-dependent refractive indices are calculated from
43
experimentally measured transmittance spectra using the Swanepoel approach43
Refractive indices of As 2S3 and Ge used to calculate the Bragg pairs are 2.363 and 4.105
respectively around 3.5 gm wavelength. The refractive indices of PbTe IR absorber are
measured using IR ellipsometry as shown in chapter 1. Using the experimentally
measured indices as input and a 100 nm thick PbTe layer as the IR active material, QE of
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RCE detector designs with different top mirror As2 S3-Ge Bragg pair numbers may be
simulated using the transfer matrix method (TMM). The TMM simulated QE values are
represented in Figure 5.2 as the triangles; the excellent agreement between the modified
coupling matrix theory and TMM confirms that the coupling matrix method
conventionally employed for micro-ring resonator simulations may also be applied for
quantitative prediction of QE in RCE detectors.
5.2. Multi-step lift-off fabrication process
All films are deposited in the same chamber. 2" diameter poly-Ge of 99.999% purity is
used as sputtering target, As 2S3 bulk and PbTe bulk of 99.999% purity are used as the
source material for thermal evaporation. Both sputtering and thermal evaporation are
carried out at a base pressure of 5 x 10-7 Torr. Optically polished CaF2 discs and oxide
coated Si wafers are used as starting substrates. The substrates are held on a rotating
substrate holder, at room temperature, throughout the depositions. Film deposition rate is
monitored in real-time through a quartz crystal sensor and is maintained at 1.3 A/s for
Ge, and -10 A/s for As2S3 and PbTe.
Photodetectors are fabricated by a three-step lift-off process. The alignment is done
manually using a mask aligner with a 350 W Hg bulb. Negative photoresist is exposed to
320 nm UV light and developed to make openings for film deposition, which is followed
by lift-off process in an ultrasonic bath. Three lift-off steps are used to pattern the bottom
mirror and PbTe, top mirror, and Sn contacts separately, as shown in Figure 5.3. Key
process steps and corresponding recipe for each step are summarized in Table 5.1. To
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demonstrate the success of the fabrication process, Figure 5.4 shows an 8 x 8 array of the
photodetectors after the first lift-off step and a fabricated RCE photodetector (30 pm x 30
gm in size).
Bottom mirror &
Patterned PbTe dep.
negative P.R. 1St .ift-off
3 pm SiO, 3 pm SiOl 3 pm SiO,
Si substrate Si substrate Si substrate
2nd ift-off: 3rd ,ift.off:
top mirror metal
Top MirrorCavity
Bottom Mirror
3 pm SiO, 3 pm SiO,
Si substrate Si substrate
Figure 5.3 Three-step lift-off process for single waveband RCE photodetector fabrication. Three lift-off
steps are used to pattern the bottom DBR mirror and PbTe, top DBR mirror, and Sn contacts separately.
Figure 5.5 (a) shows the cross-sectional SEM image of the resonant cavity structure
deposited onto a SiO2/Si substrate, and for comparison, Figure 5.5 (b) shows a schematic
picture of the designed RCE detector structure. All fifteen layers are clearly identified in
the SEM image, illustrating good film thickness control and uniformity. Sharp interfaces
between different layers indicate negligible material inter-diffusion occurs since
processing temperatures are low (150 *C).
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Table 5.1. Key process steps and detailed recipe for single waveband RCE photodetector fabrication.
Step # Process step Process recipe/purpose
1 Pre-bake substrates to get rid of moisture 150 "C/15 minutes
20 s + 40 s (0 to 2500 rpm, 2500 rpm), for
2 Spin coat photoresist NR71-3000PY
photoresist 3.3-3.7 pm
3 Pre-exposure bake 150 "C/2 minutes
4 Exposure 60 s by Broadband (EML)
5 Post-exposure bake 100 "C/2 minutes
6 Development 25-30 s in RD6
7 Film deposition Bottom DBR and PbTe
8 First lift-off -25 minutes in Acetone ultrasonic bath
9 Pre-bake substrates to get rid of moisture 120 "C/15 minutes
20 s + 40 s (0 to 2500 rpm, 2500 rpm), for
10 Spin coat photoresist NR71-3000PY
photoresist 3.5-3.7 pm
11 Pre-exposure bake 150 'C/2 minutes
12 Exposure 60 s by Broadband (EML)
13 Post-exposure bake 100 0C/2 minutes
14 Development 30 s in RD6
15 Film deposition Top DBR
16 Second lift-off -14 minutes in Acetone ultrasonic bath
17 Pre-bake substrates to get rid of moisture 120 "C/15 minutes
10 s + 5 s + 35 s (750 rpm, 750 to 1600 rpm,
18 Spin coat photoresist NR9-1000PY
1600 rpm), for photoresist >1 pm
19 Pre-exposure bake 150 *C/80 s
20 Exposure 40 s by Broadband (EML)
21 Post-exposure bake 100 'C/80 s
22 Development 8 s in RD6
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Table 5.1. (Continued) Key process steps and detailed recipe for single waveband RCE photodetector
fabrication.
200 nm Sn by e-beam evaporation (EML): X
= 0; Y = 0; SX = 0.25; SY = 0.2; <5.3 x 10-5
23 Metal deposition
Tor 0.125 A; 1.5-2.0 A/s; 15 minutes active
cooling after 100 nm
24 Third lift-off -1 minutes in Acetone ultrasonic bath
Figure 5.4 Pictures taken by an optical microscope: (a) an 8 x 8 array of the photodetectors after the first
lift-off step; (b) one 30 pm x 30 gm fabricated photodetector.
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Figure 5.5 (a) SEM cross-sectional image of the resonant cavity structure deposited onto a SiO 2/Si substrate.
(b) Schematic picture of the designed structure. All fifteen layers are clearly seen in (a), demonstrating
good film thickness control and uniformity. Sharp interfaces between different layers indicate negligible
material inter-diffusion occurs since processing temperatures are low (150 *C).
5.3. Optical characterization
A comparison (Figure 5.6) of the reflectance spectra of the cavity obtained
experimentally by FTIR and theoretically by TMM simulation shows excellent
agreement. The spectra feature a photonic band gap (PBG) from 2.5 Rm to 4.5 Rm and a
resonant cavity mode at 3.5 gm, as designed. Figure 5.6 shows only first order cavity
mode since here we use a half wavelength cavity and thus it does not support higher order
cavity modes. At the resonant wavelength of 3.5 gm, directly measured reflectance and
transmittance values are 6.6% and 3.5% respectively, indicating a quantum efficiency of
90%. Full width at half maximum (FWHM) is 92.53 nm, corresponding to a quality
factor of 38, in good agreement with the simulated value of 43 (=0.5Qabs).
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Figure 5.6 Reflectance spectra of the cavity structure obtained by FTIR measurement (solid line) and TMM
simulation (dotted line), showing excellent agreement. The spectra feature a PBG from 2.5 pm to 4.5 pm
and a resonant cavity mode at 3.5 gm as designed.
Figure 5.7 presents a comparison of two cavity structures with different top mirror (TM)
Bragg pair numbers. It illustrates the deviation from the critical coupling condition due to
highly reflective top mirror with two Bragg pairs. When the top mirror has one Bragg
pair, the cavity is closer to the critical coupling condition than the case of two Bragg pairs,
which is indicated by two reflectance values at resonant wavelength of 3.5 Rm (6.6% for
one Bragg pair vs. 33.9% for two Bragg pairs). This experimental result is consistent with
the design curve shown in Figure 5.2.
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Figure 5.7 Reflectance spectra of two cavity structures with different top mirror (TM) Bragg pair numbers.
Both curves are obtained by FTIR measurement. Solid line: TM Bragg pair number is 1; dashed line: TM
Bragg pair number is 2.
5.4. Photoconductivity experiment
Unlike single layer films, there are more challenges to measure photoconductivity of
RCE photodetectors due to the requirement of high resolution. According to Figure 5.6,
FWHM is 92.53 nm for the cavity structure, thus the resolution of the photoconductivity
experiment should be smaller than 92.53 nm. In our previous photoconductivity study on
single layer PbTe films, sodium chloride prism is used to disperse IR light providing a
resolution of -500 nm. This will lead to very coarse IR light dispersing and cannot offer
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fine enough resolution for RCE photodetectors. Therefore, we have developed a new
measurement system for high-resolution IR photoconductivity experiment as shown in
Figure 5.8.
Power
Supply
Light
Shield
Chopper -
Cut-off Reference
Filters
Sample
Off Axisi
Reflector
Figure 5.8 Schematic layout of high-resolution IR photoconductivity measurement system.
Light from a 100 W quartz tungsten halogen (QTH) lamp is modulated at 98.0 Hz and
monochromatized by a Newport Oriel MS257 monochromator. Long-pass optical filters
are used to block higher order diffracted light. A pyroelectric detector with known photo-
responsivity is used as a reference detector to obtain the power density of light incident
onto the samples. A thermoelectric cooler (TEC) is used to cool down samples and a
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Keithley 6220 current source is used to provide bias current. The wavelength resolution is
-45 nm in mid-IR using 2 mm slit width for both entrance and exit slits attached to the
monochromator. Output optical power density is recorded by the standard pyroelectric
detector each time during photoconductivity measurement. Curves taken at four different
times are shown in Figure 5.9. Stability of the IR light source is demonstrated by the
highly repeatable measured output power density (deviation <10%). Given the high
resolution of the system, CO2 absorption is clearly resolved around 4.2 pm as shown in
Figure 5.9.
10 2
100 W QTH lampE
J!: 1 2mm slit width, 98 Hz
S10
E CO absorption
-10
Time = 0
e 10- --- Time= 6 days
----- Time =20 days00.. ---- Time =43 days
10-2 11
1 2 3 4 5 6
Wavelength (pm)
Figure 5.9 Output optical power density of the IR photoconductivity measurement system. Curves are
recorded by a standard pyroelectric detector at four different times. Deviation is smaller than 10%.
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Room temperature Hall measurement shows p-type conduction in the PbTe absorbing
layer with a Hall mobility of 99 cm 2V- s- and a carrier concentration of 4.1x101 cm-3
This is consistent with our PbTe plain film results in chapter 3 and indicates no film
quality degradation has occurred during the photodetector fabrication. Figure 5.10
demonstrates the operation of the polycrystalline PbTe based RCE photodetector with a
dimension of 1200 pm x 1200 pm. In the photoconductivity measurement samples are
biased under fixed current (0.1 mA) and cooled by TEC (-56 0C), and the photovoltage
caused by the IR light illumination is recorded. Photon incident flux and spectral shape
are obtained from the pyroelectric reference detector with known area and responsivity.
The inserted picture on the right shows the electric circuit used. Peak responsivity of 100
V/W is measured at the resonant wavelength of 3.45 Rm. The small discrepancy (< 2%)
of the resonant wavelength location between Figure 5.6 and Figure 5.10 is due to non-
normal incidence of light in both experiments. To quantify the resonant cavity
enhancement effect, PbTe plain film photodetector of the same thickness and dimensions
has been measured under the same conditions as shown in Figure 5.10. 100 nm thick
PbTe plain film shows much lower photoresponse (< 10 VIW) in mid-IR range due to
very weak light absorption, while PbTe in the cavity shows 13.4 times higher
responsivity at the designed resonant wavelength.
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Figure 5.10 Responsivity spectra of the 100 nm PbTe thin film photodetector within the cavity (filled
circles) and without cavity (plain film only, open circles) with 0.1 mA bias current at -56 C (sample
dimension is 1200 pm x 1200 pm). The two inserted pictures on the left show the tested device structures
schematically after metal deposition and patterning (green colored regions). The inserted picture on the
right shows the electric circuit employed in the photoconductivity measurement. Plain film shows much
lower photoresponse (< 10 V/W) in mid-IR range due to very weak light absorption, while PbTe in the
cavity shows 13.4 times higher responsivity at the designed resonant wavelength.
Figure 5.11 shows the photoconductivity experiment results for a 400 Pm x 400 pm RCE
photodetector. Compared with the result of a 1200 pm x 1200 pm RCE photodetector in
Figure 5.10, smaller size photodetector shows responsivity about one order of magnitude
higher than larger size photodetector. This is consistent with our previous discussion on
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responsivity in chapter 3. Equation 5.3 (same as Equation 3.5) predicts responsivity's size
dependence as follows:
91=IQEr (1 +b) A 01(53
hcew2d 2 2 p 25-
where w is the width of the photodetector, I is the bias current, T is carrier lifetime, b is
the mobility ratio (pe/gp), X is wavelength, QE is the quantum efficiency, d is thickness of
the photoactive layer, p is holes' concentration, p is holes' mobility, and h, c, and e are
Plank constant, speed of light in vacuum, and elementary charge respectively.
Furthermore, Figure 5.11 (a) indicates peak responsivity of the RCE photodetector
increases with bias current, and they obey a linear relationship which is shown more
clearly in Figure 5.11 (b). Again, this result agrees quite well with Equation 5.3.
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- 5 A V
400 - . 15A p
30 A050 p
200- 60 p A 
-A
0--
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Figure 5.11 (a) Responsivity spectra of the 400 pm x 400 pm RCE photodetector with 100 nm PbTe thin
film in the cavity. The results are obtained at -55 "C and under different bias currents.
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Figure 5.11 (Continued) (b) Linear dependence of peak responsivity on the bias current at -55 *C and -41
*C. The result is consistent with Equation 5.3.
5.5. Detectivity and power consumption
As we have discussed in chapter 3, Johnson noise is the intrinsic dominant noise for our
polycrystalline PbTe photodetectors. With the measured resistance values of the RCE
photodetectors (Rd), Johnson noise voltage can be calculated by:
va= d4kTRdof (5.4)
where k is the Boltzmann constant, T is absolute temperature, and Af is the effective
noise bandwidth. And Johnson-noise-limited detectivity is given by:
D* = (5.5)
VnJ
where 91 is the responsivity of the photodetector, Ad is the area of the photodetector, Af
is the effective noise bandwidth, and vn is Johnson noise voltage. Thus with
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experimentally measured responsivity 91 and resistance R, one can measure Johnson-
noise-limited detectivity according to Equation 5.5.
On the other hand, plugging Equations 5.3 and 5.4 into Equation 5.5, Johnson-noise-
limited detectivity can be expressed explicitly as follows:
D I(1+b)d2QE (5.6)
hcw 4kTedspu
Notably, even though detectivity is typically independent of detector size when the
device operates in the photovoltaic mode, Equation 5.6 suggests Johnson-noise-limited
detectivity in a photoconductive detector is inversely proportional to the linear dimension
of the photodetector. Thus higher detectivity values can be expected for photodetectors
with smaller size. To demonstrate this mechanism, RCE photodetectors of different sizes
(100-1200 gm) are tested under the same bias current of 50 gA. Their peak detectivity
values measured according to Equation 5.5 are shown as solid squares in Figure 5.12.
With the known dependence of detectivity on w as described in Equation 5.6, the
measured data is fitted according to Equation 5.6. Excellent agreement between
theoretical fit based on Equation 5.6 and experimental data can be seen in Figure 5.12.
Detectivity value up to 0.72x109 cmHz aW- is obtained in a 100 gm wide RCE
photodetector while photoactive layer's thickness is only 100 nm, comparable with
commercial polycrystalline mid-IR photodetectors fabricated via chemical bath
deposition 93. Further reduction of photodetector size will lead to higher detectivity value
(~10" cmHz W ) as is predicted by Equation 5.6.
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Figure 5.12 Detectivity D* as a function of photodetector size with square shape. Theoretically fitted curve
is based on Equation 5.6 showing the inversely proportional relationship between D* and photodetector
size. Solid squares correspond to experimentally measured data.
Based on the experimental data in Figure 5.12 and Equation 5.6, Johnson-noise-limited
detectivity values at different bias current levels can be calculated, as shown in Figure
5.13. Even though Equation 5.6 predicts detectivity increases with bias current obeying a
linear relationship without limitation, in reality this trend will stop at certain bias current
level due to the Joule heating effect and the increase of related current noise. This is
determined by the cooling capability of the thermoelectric cooler (TEC) and the heat sink
underneath taking out the heat generated during photodetector's operation. With known
photodetector's resistance value R and bias current I, the power consumption or the heat
generated can be calculated by:
P = 12R (5.7)
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As shown in Figure 5.13, with 100 gA bias current, power consumption of one
photodetector is 9.7 mW. For a focal plane array (FPA) with 8 x 8 photodetectors, the
power consumption is less than 1 W, which is in the acceptable range. However, for FPA
with over one million photodetectors, this will result in a power consumption level of 10
kW which is totally unacceptable (-20 kW for FPA of dual waveband RCE
photodetectors). So as shown in Figure 5.14, a trade-off has to be made between the
desired detectivity value and the power consumption budget and heat dissipation strategy.
This will be determined by the real application needs, Si ROIC specifications, TEC's
cooling capability, and specially designed heat sink for faster heat dissipation.
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Figure 5.13 RCE photodetector's detectivity and power consumption as a function of bias current.
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Figure 5.14 RCE photodetector's detectivity as a function of power consumption.
5.6. Summary
In this chapter, we present a demonstration of fully functional single waveband RCE mid-
IR photodetectors on a silicon platform. Single waveband RCE photodetectors can serve
as building blocks for multiple waveband RCE photodetectors, so this step is essential for
the development of multispectral photodetectors.
We design our RCE photodetectors to work under critical coupling condition, and we
have developed multi-step lift-off process to fabricate such RCE photodetectors
monolithically on a silicon platform. High quality photoconductive polycrystalline PbTe
film is thermally evaporated, oxygen-sensitized at room temperature and acts as the
infrared absorber. The cavity-enhanced detector operates in the critical coupling regime
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and shows high quantum efficiency (90%). With an improved high-resolution
photoconductivity measurement system, we successfully resolve the resonant cavity peak
in the responsivity spectra. In a 1200 pm x 1200 pm RCE photodetector, we demonstrate
a peak responsivity of 100 V/W at the resonant wavelength of 3.5 Pm, 13.4 times higher
compared to blanket PbTe film of the same thickness (100 nm). Both responsivity and
detectivity are demonstrated to have dimension dependence and higher performance can
be achieved in smaller size photodetectors. Detectivity as high as 0.72x10 9 cmHz 12W-1
has been measured in a 100 pm x 100 pm RCE photodetector, comparable with
commercial polycrystalline mid-IR photodetectors. As low temperature processing (150
'C) is implemented in the entire fabrication process, this demonstration shows promise
for monolithic integration of RCE photodetectors with Si readout integrated circuits (Si
ROIC).
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Chapter 6. Integration of single waveband RCE photodetectors and
silicon readout integrated circuits (Si ROIC)
Based on the successful demonstration of mid-IR RCE photodetectors in last chapter, for
the first time, two integration strategies for such single waveband RCE photodetectors
and Si ROIC chips are evaluated in this chapter*. The first strategy adopts a hybrid
structure of "wire-bonded" chips of separate RCE photodetectors and Si ROIC:
photodetectors and Si ROIC chips are fabricated on different Si substrates and electrical
connection between them is realized by ultrasonic wire bonding and wire soldering. The
second one is monolithic integration of photodetectors and Si ROIC: single waveband
RCE photodetectors are fabricated onto Si ROIC chips directly by three-step lift-off
process developed previously. One prominent advantage of the integration is that we
could simplify the whole system by incorporating more functions in the Si ROIC chip,
e.g. changing from the heavy and bulky external mechanical chopper to on-chip
"Electronic Chopper" realized by novel Si ROIC design.
6.1. Si ROIC design
According to previously obtained PbTe material properties and single waveband RCE
photodetector's performance, Si ROIC is designed considering following parameters
summarized in Table 6.1.
* Work shown in this chapter is from our collaboration with Nanyang Technological University (NTU) in
Singapore. Customized Si ROIC chips are designed and provided by NTU. Fabrication of RCE
photodetectors and monolithic integration of photodetectors and Si ROIC are done by us. All the test work
on integrated devices is also achieved through our collaboration with NTU.
138
Table 6.1 Design parameters for single waveband RCE photodetectors and Si ROIC integration
Design Parameters Values
Mid-IR wavelength 3.6 pm
Temperature of operation -60 "C (-40 *C)
RCE photodetector dimension 100 pm x 100 pm
Cell dimension 150 pm x 150 pm
PbTe IR absorbing layer thickness 100 nm
Photoconductor resistance 500 k (280 kW)
Bias current 0.1 mA
Optical modulation frequency 1 kHz
Maximum responsivity 1.36 x 10 V/W
Maximum incident light power density 2.56 mW/cm2
Maximum photovoltage signal 34.8 mV
Johnson noise 122 nV (81 nV)
Maximum Johnson-noise-limited D* 1.4 x 10 (2.8 x 10 ) cm-Hzm/W
Unlike photodiodes, photoconductive devices require a larger bias current to establish an
electric field that drifts the photo-generated carriers, and normally the bias current is
much higher than the photocurrent. In general, for discrete IR photoconductive devices,
to detect a small photo-signal embedded in a much higher total current and also to
suppress noise, incident light beam is usually modulated by an external mechanical
chopper and a lock-in amplifier is used to extract the photo-signal (Figure 5.8). To avoid
using an external mechanical chopper in an integrated device, an "Electronic Chopping"
concept using analog circuits on a Si ROIC has been proposed by Professor Joseph
Chang's group at NTU. Based on this idea, we have designed and constructed a hybrid
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PC-board prototype, and demonstrated the "electronic chopper". Therefore on-chip
electronic chopping has been shown as a feasible alternative to off-chip optical
modulation.
Figure 6.1 (a) illustrates the concept of "Electronic Chopping" schematically. Two un-
illuminated adjacent photodetectors show identical electrical properties such as resistance
and bias current. Under illumination, however, a differential signal can be obtained
between these two neighboring photodetectors when one (reference) is shadowed from
the incident IR light by a metal layer while the other (working) is exposed. A switch
controlled by the electronic circuit then samples voltages from each of these two
photodetectors at a chosen frequency, and the voltage difference between the two is the
output. In dark space the output is zero since the two photodetectors are identical, and
under illumination the output is a function of the wavelength of the incident light, i.e.
responsivity spectrum of the working photodetector. Using this strategy, optical
modulation by an external mechanical chopper can be mimicked by an on-chip
"Electronic Chopper". The conditions for optimal electronic chopping are determined
by: resistance matching between reference and working photodetectors, and frequency
range of operation.
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Figure 6.1 To avoid using an external mechanical chopper in an integrated device, an "Electronic
Chopping" concept using analog circuits on Si ROIC has been proposed by Professor Joseph Chang's
group at NTU, and demonstrated in hybrid format at MIT. (a) Schematic diagram showing the "Electronic
Chopper" for integrated devices. This circuit mimics the optical modulation typically obtained by an
external mechanical chopper. (b) Based on this idea, a hybrid PC-board "electronic chopper" has been
designed and demonstrated at MIT as a prototype.
For the first time, a hybrid PC-board has been constructed using discrete components to
demonstrate the feasibility of the above "Electronic Chopping" concept (Figure 6.1 (b)).
Two photodetectors made from 500 nm thick PbTe films have been measured using both
the traditional optical modulation method and the novel "Electronic Chopping" method,
at the same temperature (-60 *C) and bias current (1 mA). As shown in Figure 6.2, the
"Electronic Chopping" approach yields almost identical responsivity spectra as optical
modulation for both photodetectors, which is a very important pre-condition for
acceptance of this technique in the integration of our photodetectors and Si ROIC.
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Figure 6.2 Responsivity spectra of two photodetectors at -60 "C and 1 mA. (a) Optical modulation approach
using external mechanical chopper. (b) "Electronic Chopping" approach. "Electronic Chopping" yields
almost identical results as optical modulation, which is very important for further integration of our
photodetectors and Si ROIC.
6.2. Hybrid integration
Before the integration, room temperature I-V curves are tested for all used single
waveband RCE photodetectors to ensure their functionality. Figures 6.3 (a) and 6.3 (b)
present the results of 400 pm x 400 pm and 200 pm x 200 pm RCE photodetectors
respectively. All photodetectors show linear behavior demonstrating ohmic contacts as
expected in polycrystalline PbTe photoconductors. The high degree of overlap of all I-V
curves illustrates the performance of the photodetectors is very uniform across large
substrate area. Table 6.2 summarizes the fitted resistance values from Figure 6.3 results,
yielding 169.0 ± 2.9 kM corresponding to only 3.4% non-uniformity.
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Figure 6.3 Room temperature I-V curves of (a) 400 pm x 400 pm and (b) 200 pm x 200 pm RCE
photodetectors. Ohmic contacts are demonstrated in all RCE photodetectors from the linear behavior of the
I-V curves. The high degree of overlap of all I-V curves illustrates the performance of the photodetectors is
very uniform across large substrate area.
Table 6.2 Fitted resistance values from Figure 6.3 results, yielding 169.0
uniformity of 3.4%.
2.9 kW corresponding to a non-
400 pm x 400 pm R (kM) 200 pm x 200 pm R (k)
2 164.5 26 169.4
3 168.0 29 172.8
4 170.1 30 171.8
6 166.6
Average 169.0 STD 2.9
A TEC cooled chamber for testing Si ROIC and RCE photodetector integrated devices is
shown in Figure 6.4 (a). The top surface of the thermoelectrically cooled platform for
chip carrier with the electrical connection arrangement (metal "fingers") is also shown in
Figure 6.4 (a). Figure 6.4 (b) is the enlarged area highlighted by the green box in Figure
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6.4 (a), showing the arrangement of chip carrier, Si ROIC chip, and RCE photodetector
chips. Two photodetector chips are placed on both sides of the Si ROIC chip, and
together they are glued onto the chip carrier. The chip carrier is then attached to the
surface of the TEC's stage with thermally conductive glue. There are several different
types of electrical connections for the hybrid structure using different techniques, which
are summarized in Table 6.3. Before the chip carrier is loaded into the chamber and the
wire soldering, the ultrasonically bonded wires are examined under optical microscope to
make sure no wires are disconnected or cross-linked. Figure 6.4 (c) shows the enlarged
area highlighted by the red box in Figure 6.4 (b), i.e. one active area of the Si ROIC with
all bonded wires.
Figure 6.4 (a) TEC cooled chamber for Si ROIC and RCE photodetector integrated devices; (b) enlarged
area highlighted by the green box in (a), showing the arrangement of chip carrier, Si ROIC chip, and RCE
photodetector chips; (c) enlarged area highlighted by the red box in (b), illustrating one active area of the Si
ROIC with all ultrasonically bonded wires.
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11 Si ROIC wires
1 TEC cooling wire
3 photodetector wires
Table 6.3 Electrical connections for hybrid integration of Si ROIC and single waveband RCE
photodetectors.
Electrical connections Techniques
Si ROIC to chip carrier Standard ultrasonic wire bonding
Si ROIC to RCE photodetectors Standard ultrasonic wire bonding & Wire soldering by silver paste
RCE photodetectors to chip carrier Wire soldering by silver paste
Chip carrier to samples' chamber Wire soldering by silver paste
Two hybrid devices are fabricated. However, only one device is found to be measurable
while the other one is found to have short circuits that could not be fixed. This is possibly
due to the cross-link during the wire soldering process from chip carrier to the chamber.
The other device is cooled down to -60 *C for measurement. However, during the test the
digital section of the Si ROIC is partially non-functional at -60 C, and this problem
remains even after the device is returned back to room temperature. Actually, CMOS
process used for the fabrication of the Si ROIC is rated for the temperature range of -
40-125 "C, and cooling down to -60 C may have damaged certain digital circuits in Si
ROIC. Other possible failure mechanisms are electrostatic discharge and high voltage
across the RCE photodetectors (> 3.3 V limit of Si ROIC). In summary, even though lots
of effort has been spent on this hybrid integration strategy, no result has been obtained
from the integrated device.
6.3. Monolithic integration
Based on the successful demonstration of single waveband RCE photodetectors in last
chapter, RCE photodetectors for 3.6 pm IR light detection are fabricated onto small size
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Si ROIC chips (3 mm x 5 mm) monolithically for the first time. Figure 6.5 shows an
overview of the three-step lift-off process performed on Si ROIC chips. Only partial
region of the Si ROIC is shown in each picture. Starting with bare Si ROIC chip as
shown in Figure 6.5 (a), the first lift-off step patterns the bottom mirror stack and PbTe
film as shown in Figure 6.5 (b), the second lift-off step patterns the top mirror stack as
shown in Figure 6.5 (c), and the third lift-off step patterns the Sn metal layer as shown in
Figure 6.5 (d).
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Figure 6.5 An overview of the three-step lift-off process performed on Si ROIC chips. Only partial region
of the Si ROIC is shown in each picture. (a) Bare Si ROIC chip; (b) after the first lift-off process to pattern
the bottom mirror stack and PbTe film after; (c) after the second lift-off process to pattern the top mirror
stack; (d) after the third lift-off process to pattern the Sn metal layer.
146
3"I
Figure 6.6 Small size Si ROIC chip (3 mm x 5 mm) for monolithic integration.
One process challenge arises due to the very small size of Si ROIC chip. It is only 3 mm
x 5 mm as shown in Figure 6.6. Our mid-IR RCE photodetector design indicates that the
thickness of the photoresist used in the first lift-off process needs to be at least 3 pm,
which is already much thicker than commonly used photoresist. Normally, spin-coating
and patterning photoresist are performed on a wafer scale substrate which is typically at
least several centimeters in diameter. Due to the edge bead effect, photoresist could
accumulate at the edge of the wafer up to several times of the nominal thickness in
central region. For large size substrates, photoresist thickness non-uniformity and its
thickness control are not issues since most active device regions are far away from the
edge of the substrate. But when the dimension of the substrate is on the order of
millimeters, which is the case for Si ROIC chips, the edge bead effect becomes more
prominent across the whole substrate. The handling of such small size substrates as they
traverse the entire process sequence is also extremely challenging. Therefore to
accommodate such small size Si ROIC chips, we have designed and successfully
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demonstrated a technique in which we glue the small chip onto a larger size holder. A
new process has been developed to satisfy following requirements*:
(1) Firm attachment: the chip will stay glued during the entire process sequence of 150 *C
baking, photoresist spin-coating and patterning, and development in RD6;
(2) Flat surfaces: on both attaching medium and small chip, to make sure excellent/flat
mask contact during exposure (glass contact masks are used);
(3) Clean top surface of the chip: avoid touching small Si ROIC chip surface, since
circuits and photodetectors will be on top of it. Besides, keep chip surface as clean as
possible, to ensure controllable photoresist coating;
(4) Uniform photoresist coating: need to get rid of edge beads and achieve excellent
photoresist thickness control.
SU8 2002 is identified as the attaching medium due to its ease of usage in a process and
for its robustness against high temperature and most chemicals. Each lift-off step shown
in Figure 6.5 by itself includes several processes as illustrated in details in Figure 6.7.
Process flow in Figure 6.7 needs to be repeated for every mask level due to the
challenges of handling small size Si ROIC chips and patterning films on them. Key
process steps and corresponding recipe for each step are summarized in Table 6.4.
* The process challenge due to the small size of Si ROIC chip should only exist in the early development
stage of this research, but not in the manufacturing stage at full wafer level in the future. For us, cost
reduction in the Si ROIC development is more important, but still, one Si ROIC chip costs about $1400.
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Figure 6.7 Process flow of one lift-off step employed to monolithically integrate mid-IR RCE
photodetectors and small size Si ROIC chip (3 mm x 5 mm). (a) Squares of larger size cut from Si wafer as
Si ROIC holder; (a) to (b) spin-coating SU8 2002; (b) to (c) loading small size Si ROIC chip and dummies
(small pieces of Si wafer sandwiching Si ROIC chip to remove edge beads of photoresist) on SU8 2002; (c)
to (d) spin-coating photoresist; (d) to (e) photoresist development; (e) to (f) films deposition; (f) to (g) lift-
off in acetone ultrasonic bath.
Table 6.4. Key process steps and detailed recipe for mid-IR RCE photodetectors monolithic integration on
Si ROIC chips.
Process step
Pre-bake to get rid of moisture
Spin coat SU8 2002
Load Si ROIC chip and two Si wafer pieces
onto Si substrate holder
Cure SU8 2002
Process recipe/purpose
150 *C/15 minutes
5 s + 35 s (0 to 1500 rpm, 1500 rpm), 2-3 pm
in thickness
Two Si wafer pieces sandwiching Si ROIC
chip to get rid of photoresist edge beads
afterwards
100 "C/2 minutes
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Step #
1
2
Table 6.4. (Continued) Key process steps and detailed recipe for mid-IR RCE photodetectors monolithic
integration on Si ROIC chips.
5 Spin coat photoresist NR71-3000PY 20 s + 40 s (0 to 3000 rpm, 3000 rpm), for
photoresist >3 pr
6 Pre-exposure bake 150 'C/2 minutes
7 Exposure 60 s by Broadband, 40 s by MA4 (EML)
8 Post-exposure bake 100 "C/2 minutes
9 Development 60-80 s in RD6
10 Film deposition Bottom DBR and PbTe
11 First lift-off 5-6.5 minutes in acetone ultrasonic bath
12 Repeat steps 1-4
13 Snin coat nhotoresist NR9-1000PY 10 s + 5 s + 35 s (750 mm 750 to 1600 m
Pre-exposure bake
Exposure
Post-exposure bake
Development
Film deposition
Second lift-off
Repeat steps 1-4
Spin coat photoresist NR9-1000PY
Pre-exposure bake
Exposure
Post-exposure bake
Development
1600 rpm), for photoresist >1 p m
150 "C/80 s
20 s by MA4 (EML)
100 0C/80 s
7 s in RD6
Top DBR
1-2 minutes in acetone ultrasonic bath
10 s + 5 s + 35 s (750 rpm, 750 to 1600 rpm,
1600 rpm), for photoresist >1 pm
150 "C/80 s
20 s by MA4 (EML)
100 "C/80 s
7 s in RD6
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Table 6.4. (Continued) Key process steps and detailed recipe for mid-IR RCE photodetectors monolithic
integration on Si ROIC chips.
26 Metal deposition 100 nm Sn by e-beam evaporation (EML): X
= 0; Y = 0; SX = 0.25; SY = 0.25; <4.3 x 10-5
Torr; 0.13 A; 1.8-1.9 A/s
27 Third lift-off 80-90 s in acetone ultrasonic bath
Figure 6.8 shows the top down view and cross-sectional view of the RCE photodetectors
monolithically integrated on Si ROIC schematically. Even though this fabrication process
is extremely challenging due to the small size (3mm x 5mm) and non-flat surface (-1.5
pm step) of Si ROIC chips, three-step lift-off process is performed on four Si ROIC
chips, and two integrated chips are successfully fabricated. Electrical connections
between Si ROIC chip and chip carrier is achieved by standard ultrasonic wire bonding.
Connections from RCE photodetectors to chip carrier (for external bias current) and from
chip carrier to samples' chamber are achieved by wire soldering using silver paste. Of the
two integrated devices, one is found to have internal short circuits and despite different
strategies are attempted to solve this problem, the short circuits remains. The other device
is found to be measurable and the Si ROIC circuits are functional.
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Figure 6.8 Schematic top down view and cross-sectional view of the monolithically integrated device.
Figure 6.9 shows the top down view of the Si ROIC active area before and after the RCE
photodetector fabrication. From Figure 6.9 (b), we demonstrate excellent alignment for
all three mask levels. The devices are characterized by photoconductivity measurements.
Temperature is lowered down to -30 "C gradually to make sure Si ROIC circuits remain
functional. Bias current is also increased from 0 gA to 20 pA slowly. Under
monochromatic light illumination, no output voltage has been observed due to low light
power density, low bias current, and limited cooling required by Si ROIC. Under
broadband light source illumination (100 W quartz tungsten halogen, or QTH lamp), a
linear relationship between the output voltage from Si ROIC and the bias current is
obtained as shown in Figure 6.10. This is consistent with our previous experimental
results and analytical model showing linear dependence of responsivity on the bias
current.
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Figure 6.9 Top down view of the Si ROIC active area (a) before and (b) after the single waveband RCE
photodetector fabrication. Excellent alignment for all three mask levels has been demonstrated by Figure
6.9 (b).
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Figure 6.10 Photovoltage signal from Si ROIC as a function of bias current under non-monochromatic light
illumination from a 100 W QTH lamp. Linear dependence is demonstrated as expected.
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Detectors on Si ROIC
6.4. Summary
In this chapter, we present our first attempt in fabrication and test of mid-IR RCE
photodetectors and Si ROIC integrated devices. Si ROIC is designed according to
previously studied PbTe material properties and mid-IR RCE photodetector
performances. With the demonstrated "Electrical Chopping" concept, optical modulation
by an external mechanical chopper is replaced by an on-chip integrated "Electronic
Chopper" for our photoconductive devices.
Two integration strategies for 3.6 pm RCE photodetectors and Si ROIC chips are
evaluated. One is hybrid structure, and the other is monolithic integration. The test of the
hybrid devices is largely unsuccessful, due to cross-link during the wire soldering
process, excessive cooling, electrostatic discharge, and high voltage developed across the
photodetector. On the other hand, based on the process developed for small size Si ROIC
chips (3 mm x 5 mm), monolithically integrated devices are successfully fabricated and
tested. The result is partially successful as linear dependence of output voltage on the bias
current is obtained. This data unambiguously depicts that a monolithically integrated
device of RCE photodetectors and Si ROIC is indeed feasible.
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Chapter 7. Summary and future work
7.1. Summary
The holy grill of this work is monolithic integration of focal plane arrays (FPA) of
multispectral infrared (IR) photodetectors and silicon readout integrated circuits (Si
ROIC). We investigate and develop appropriate polycrystalline material to detect IR
radiation, explore and establish a novel way to realize IR multi-band detection on a single
photodetector, design and demonstrate resonant-cavity-enhanced (RCE) photodetectors
with improved device performance, and finally evaluate and validate the feasibility of
monolithic integration of RCE photodetectors and Si ROIC. With properly chosen
polycrystalline and amorphous materials, the cost of fabrication can be greatly reduced.
Our work also opens the way to integrate the IR photodetector arrays with Si ROIC to
further reduce the cost and improve the reliability of the system.
In chapters 2 and 3, we focus on the development of mid-IR photosensitive
polycrystalline material, i.e. PbTe films, which could enable monolithic integration of IR
photodetectors and Si ROIC. We demonstrate the feasibility of using thin polycrystalline
PbTe film (100 nm) as IR absorbing layer in order to enhance signal-to-noise ratio in the
wavelength range of 0.8-5 pm. Study on PbTe films' structural, electrical, and optical
properties facilitate understanding photoconductivity mechanism in the films and
constructing models to predict photo-responsivity and detectivity. Our PbTe films can be
deposited by more cost-effective technique than MBE or MOCVD, i.e. single source
thermal evaporation. Microstructure study confirms the films are stoichiometric single-
phase polycrystalline with (200) texture and through thickness grain boundaries.
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Electrical properties of the films are analyzed in the framework of a grain boundary
channel conduction model. We demonstrate the existence of oxygen in the films and find
out oxygen is responsible for the p-type conduction and very low carrier concentrations,
since oxygen can diffuse through the grain boundaries and pin the Fermi level near mid-
gap. According to our model of responsivity, low carrier concentration is essential to
achieve excellent photo-responsivity as observed in our polycrystalline PbTe films.
Quantum efficiency spectra can be directly measured by optical experiment. Optical
property study also yields wavelength dependent refractive index and extinction
coefficient, which are critical for simulating RCE multi-layer structures afterwards.
Moreover, all possible noises in polycrystalline PbTe photoconductors are evaluated and
compared with experimental results. Johnson noise is identified as dominant intrinsic
noise in PbTe photoconductors and detectivity as high as 1010 cmHzm1 /W (-60 *C, 3.6 pm)
could be expected.
Chapter 4 presents a novel design of cavity-enhanced multispectral photodetectors using
phase-tuned propagation, and also preliminary experimental results of dual waveband
RCE photodetectors. We start with design and fabrication of mid-IR distributed Bragg
reflectors (DBR) used to form cavity structures to enhance quantum efficiency. With
single layer's optical properties, quarter wavelength stack (QWS) of thermally
evaporated As 2S3 and sputtered Ge films is designed, fabricated, and analyzed. We
demonstrate mid-IR photonic band gap (PBG) and >99% reflectance in the range of
3.5-3.8 pm in the DBR structure designed for 3.6 pm. Then we theoretically analyze our
novel design of cavity-enhanced photodetectors capable of sensing multiple wavelengths
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simultaneously in a single photodetector. Peak quantum efficiencies over 80% have been
realized in both wavebands (1.55 pm and 3.6 pm) with only 50 nm and 100 nm thick
PbTe IR absorbers, and spectral cross talk as low as 0.1% is obtained. The design is
based on phase-tuned propagation of resonant modes in cascaded planar resonant
cavities, and due to its versatility and scalability, this concept can be generalized to detect
virtually any arbitrary number of wavelengths. Preliminary optical measurement on our
first attempt of fabricated dual waveband RCE photodetectors demonstrate the two
resonant cavity modes at 1.61 pm and 3.70 pm. Quantum efficiencies as high as 92% and
68% have been achieved in two wavebands respectively.
In chapter 5, we design, fabricate, and validate fully functional single waveband mid-IR
RCE photodetectors on a silicon platform (3.5 pm). According to the design in chapter 4,
single waveband RCE photodetectors serve as building blocks for multiple waveband
RCE photodetectors, thus this step is essential for the development of multispectral
photodetectors. We demonstrate high quantum efficiency (90%) and a peak responsivity
of 100 V/W at the resonant wavelength of 3.5 pm, 13.4 times higher compared to blanket
PbTe film of the same thickness. Detectivity as high as 0.72x0 cmHz 12W- has been
achieved, comparable with commercial polycrystalline mid-IR photodetectors. As low
temperature processing (150 'C) is implemented in the entire fabrication process, this
demonstration shows promise for monolithic integration of RCE photodetectors with Si
readout integrated circuits (Si ROIC).
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Chapter 6 shows the preliminary results on our first attempt in fabricating single
waveband (3.6 pm) RCE photodetectors integrated with Si ROIC. Both hybrid and
monolithic integration strategies are evaluated. We have developed the fabrication
process that enables monolithic integration of RCE photodetectors on Si ROIC chips with
the area of only 3 mm x 5 mm. The devices are characterized by photoconductivity
measurements. Under monochromatic light illumination, no output voltage has been
observed due to low bias current and limited cooling restricted by Si ROIC. Under
broadband light source illumination, a linear relationship between the output voltage from
Si ROIC and the bias current is obtained as expected, which shows high promise for
monolithic integration of RCE photodetector arrays and Si ROIC in the future.
7.2. Future work
There are several aspects that we could explore in more detail in the future work.
(1) Materials perspective: within the thermal budget of Si ROIC, we need to further
improve the quality of polycrystalline PbTe films for mid-IR radiation detection, e.g.
increasing carrier lifetime or reducing carrier concentration. One may notice: we use 100
nm thickness in the RCE photodetector compared to 1-10 pm in a commercial
photodetector of similar type, and an RCE photodetector with a thinner active layer leads
to less noise and higher signal-to-noise ratio than a thicker similar photodetector, but
finally we have obtained "only" comparable detectivity (D *) with commercial detectors
(chapter 5). This is because even though the measured quantum efficiency is -90%, the
carrier lifetime is only -1 ns at -60 C, which is relatively much shorter than reported
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values for single crystalline PbTe films (100-1000 ns around -60 OC)". As a
consequence, the responsivity is not as high as commercial photodetectors, and with
reduced noise, the detectivity is comparable with commercial ones. One could expect at
least one order of magnitude improvement in responsivity and D* with increased carrier
lifetime. As we have discussed in part 3.2.2, most oxygen atoms incorporated into the
films are electrically non-active, and no carrier lifetime enhancement has been observed
due to minority carrier traps, e.g. (PbO) . Annealing films at alleviated temperature and
even in an oxidizing atmosphere may increase the carrier lifetime and thus enhance the
photoconductivity as demonstrated in most polycrystalline PbSe and PbS films 0 . On the
other hand, further reducing oxygen concentration down to ~1018 cm-3 level in the films
by diffusion barrier or oxygen getter during deposition could lead to lower carrier
concentration, which may also contribute to improved photoconductivity.
Another direction to explore is extending PbTe detection capability to long-IR (8-12 pm)
by alloying with SnTe, as we have shown at the very beginning. Historically, PbSnTe
alloy has been the primary alternative IR photodetector material replacing HgCdTe alloy.
Two reasons retard PbSnTe research around late 1970s: high dielectric constant and large
thermal mismatch with Si (different temperature coefficients of expansion). The former is
not compatible with the scanned IR imaging devices at that time which need relatively
short response times, and the latter can result in failure of the electrical connections in
hybrid structure (indium bonds between the photodetector array and Si ROIC) since the
devices have to undergone frequent thermal cycling between room temperature and
cryogenic temperature during operation. However, nowadays staring focal plane arrays
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become the dominant research trend, which do not consider fast response as critical as
before. Additionally, with novel polycrystalline materials developed for monolithic
integration on Si ROIC, neither lattice nor thermal mismatch with Si would be an issue.
Therefore, PbSnTe alloy is still a very promising material candidate for mid-IR and long-
IR radiation detection.
(2) Device structure perspective: instead of using a photoconductor's configuration,
Schottky diodes may operate under much lower bias current or even without bias current,
which could permit higher density focal plane arrays within the power budget. To achieve
high collection efficiency, one prerequisite is long diffusion length of the photo-generated
carriers that should be comparable to the length of the device 1. Using Einstein relation,
i.e. D =pkT , and experimentally measured carrier mobility (36 cm 2V-Is at -60 0C),
q
2 1
one can calculate the diffusion constant D=0.66 cm s- . For a 100 pm long diode, the
12
carrier lifetime r should satisfy r 2 - =151 ps. This value is much larger than the value
D
of our current polycrystalline PbTe films, i.e. ~1 ns at -60 "C. Thus further improving the
material quality becomes the key to realize the high performance of the diode devices.
Some of our preliminary experiment shows contacts of different metals (Pb and Sn) on
the polycrystalline PbTe films could yield non-ohmic behavior and act like a Schottky
diode. However, there is very rare deposition facility for Pb arising from challenges of
the environmental consideration against heavy elements. Besides, more complicated
electrical contact configuration and thus fabrication process remain to be solved.
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Although there are still many challenges to solve before we can monolithically integrate
focal plane arrays of multispectral IR photodetectors and Si ROIC for real applications,
the physics of the devices is sound and related fabrication problems should be resolved
eventually. The polycrystalline PbTe devices have promising future for IR detection
applications in which advanced functionality and affordable expense are dominant
considerations.
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